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To  determine  the  effects  on  intracranial  pressure  (ICP)  of  resuscitation  from 
hemorrhage  using  conventional  volumes  of  isotonic  (SAL)  resuscitation  solutions  in 
comparison  to  small  volumes  of  hypertonic  7.2%  saline  (HS),  hyperoncotic  20% 
hydroxyethylstarch  (HES)  or  the  combination  of  hypertonic  7.2%  saline  and  20% 
hydroxyethylstarch  (HES/HS). 

To  determine  the  effects  on  cerebral  blood  flow  (GBF)  of  resuscitation  from 
hemorrhage  using  conventional  volumes  of  isotonic  (SAL)  resuscitation  solutions  in 
comparison  to  small  volumes  of  hypertonic  7.2%  saline  (HS),  hyperoncotic  20% 
hydroxyethylstarch  (HES),  or  the  combination  of  hypertonic  7.2%  saline  and  20% 
hydroxyethylstarch  (HES/HS). 


To  accomplish  that  goal,  we  performed  two  series  of  canine  experiments.  The  first  series 
consisted  of  measuring  ICP  and  CBF  before,  during  and  after  hemorrhage  in  anesthetized 
animals  without  central  nervous  system  lesions.  In  the  second  series,  hemorrhage  was 
superimposed  on 'an  intracranial  mass  lesion  (subdural  balloon).  Each  type  of  experiment 
was  performed  using  one  of  two  CBF  measurement  methodologies:  continuous  cerebral 
venous  outflow  measurements  and  injection  of  radiolabelled  microspheres. 


Immediately  following  baseline  measurements,  arterial  blood  was  rapidly  removed  to  reduce 
and  maintain  mean  arterial  pressure  (MAP)  at  a  target  level  for  30  minutes  by  further 
removal  or  reinfusion  of  shed  blood.  The  animals  then  received  one  of  four  resuscitation 
fluids:  0.8%  NaCl  (137  mEq/L  Na+;ISO);  7.2%  NaCl  (1233  mEq/L  Na+;HS);  20% 
hydroxyethylstarch  (HES);  20%  hydroxyethylstarch  dissolved  in  7.2%  saline  (HES/HS). 

The  results  indicate  that: 

a.  Hypertonic  saline  and  combinations  of  hypertonic  saline  with 
hydroxyethylstarch  are  associated  with  lower  intracranial  pressure  than 
isotonic  solutions  when  used  for  resuscitation  from  hemorrhagic  shock,  with 
or  without  the  presence  of  and  intracranial  mass  lesion. 

b.  Cerebral  blood  flow  is  improved  by  hypertonic  resuscitation  if  an  intracranial 
mass  lesion  is  present. 

c.  Under  certain  circumstances,  hypertonic  saline  is  associated  with  a  delayed 
rise  in  intracranial  pressure  at  a  time  when  the  systematic  hemodynamic 
effects  have  dissipated. 

d.  In  general,  the  hemodynamic  effects  of  hypertonic  saline  resuscitation  are 
transient. 

e.  The  addition  of  hyperoncotic  colloid  somewhat  prolongs  the  effects  of 
hypertonic  solutions. 
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INTRODUCTION 
The  completed  project  accomplished  the  stated  goals: 

1.  To  determine  the  effects  on  intracranial  pressure  (ICP)  of  resuscitation  from 
hemorrhage  using  conventional  volumes  of  isotonic  (SAL)  resuscitation  solutions  in 
comparison  to  small  volumes  of  hypertonic  7.2%  saline  (HSX  hyperoncotic  20% 
hydroxyethylstarch  (HESX  or  the  combination  of  hypertonic  7.2%  saline  and  20% 
hydroxyethylstarch  (HES/HS). 

2.  To  determine  the  effects  on  cerebral  blood  flow  (CBF)  of  resuscitation  from 
hemorrhage  using  conventional  volumes  of  isotonic  (SAL)  resuscitation  solutions  in 
comparison  to  small  volumes  of  hypertonic  7.2%  saline  (HSX  hyperoncotic  20% 
hydroxyethylstarch  (HESX  or  the  combination  of  hypertonic  7.2%  saline  and  20% 
hydroxyethylstarch  (HES/HS). 

To  accomplish  that  goal,  we  performed  two  series  of  canine  experiments.  The  first  series 
(Series  1  and  la)  consisted  of  measuring  ICP  and  CBF  before,  during  and  after  hemorrhage 
in  anesthetized  animals  without  central  nervous  system  lesions.  The  second  series  (Series 
2  and  2a)  consisted  of  studies  in  which  hemorrhage  was  superimposed  on  an  intracranial 
mass  lesion  (subdural  balloon). 

Each  type  of  experiment  was  performed  using  two  distinct  methodologies.  In  the  first,  CBF 
was  measured  using  continuous  cerebral  venous  outflow  measurements  (Series  1  and  2);  in 
the  second,  CBF  was  measured  using  injection  of  radiolabelled  microspheres  (Series  la  and 
2a). 

Cerebral  Venous  Radiolabelled 

Outflow  Microspheres 


No  Mass  Lesion 


Mass  Lesion 


To  enhance  clarity,  the  studies  were  divided  for  analysis  into  two  group  sets.  For  instance, 
the  first  series  1  analysis  consists  of  a  comparison  between  hypertonic -saline  and  isotonic 
saline  in  animals  without  a  mass  lesion  in  which  CBF  was  measiiredmsmg.-cerebral  venous 
outflow. 


1 

la 

2 

2a 
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The  following  summary  will  consist  of  several  parts: 

1.  Summary  of  experimental  methods  and  techniques 

2.  Summary  of  individual  comparisons 

3.  Abstracts  of  presented  data 

4.  Conclusions 

5.  Recommendations  for  further  study 
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SUMMARY  OF  EXPERIMENTAL  METHODS  AND  TECHNIQUES 

Methods:  Series  1.  Cerebral  Venous  Outflow.  No  Mass  Lesion 

Animals  used  in  this  study  were,  handled  according  to  guidelines  established  by  the 
institution  s  animal  care  and  use  committee.  A  total  of  twenty-four  mongrel  dogs  of  either 
sex,  weighing  18-22  kg  were  studied. 

Anesthesia 

Dogs  were  fasted  overnight,  then  anesthetized  with  thiopental  sodium  (8.0  mg/kg),  paralyzed 
with  succinylcholine  (4  mg/kg)  and  endotracheally  intubated.  Halothane  0.5%  in  60% 
nitrous  oxide  maintained  anesthesia  and  animals  were  ventilated,  using  a  Edco  Model  822 
Large  Animal  Ventilator  (Edco  Scientific,  Inc.,  Chapel  Hill,  NC),  at  a  tidal  volume  (15 
ml/kg)  and  rate  sufficient  to  maintain  normocarbia  (PaC02  35-45  mm  Hg).  Additional 
succinylcholine,  given  as  needed,  prevented  respiratoiy  movement. 

Hemodynamic  Monitoring 

Two  femoral  arteiy  catheters  were  placed  for  monitoring  of  arterial  blood  pressure  and  for 
induction  of  rapid  hemorrhage,  respectively.  A  flow-directed  pulmonary  artery  catheter  was 
placed  via  the  right 

external  jugular  vein  using  the  Seldinger  technique.  Systemic  and  pulmonary  arteiy 
pressures  were  continuously  recorded  on  a  Grass  Model  79D  polygraph  (Grass  Instrument 
Co.,  Quincy,  Mass.)  with  saline  filled  Gould  Statham  P23  transducers  (Gould,  Inc.,  Oxnard, 
CA).  Pulmonary  artery  wedge  pressure  (PAWP)  and  central  venous  pressure  (CVP)  were 
monitored  intermittently.  Core  temperature  was  monitored  by  a  thermistor  at  the  tip  of  the 
pulmonary  artery  catheter  and  maintained  with  a  heating  pad.  Cardiac  output  (CO)  was 
recorded  intermittently  using  an  American  Edwards  9520A  cardiac  output  computer 
(American  Edwards,  Santa  Ana,  CA).  All  transducers  were  intermittently  calibrated  with 
the  level  of  the  left  atrium  except  for  intracranial  pressure  (ICP),  which  was  zeroed  at  the 
level  of  the  external  auditory  canal. 

Cerebral  Venous  Outflow 

Following  splenectomy,  animals  were  turned  to  the  prone  "sphinx"  position  and  the  occipital 
musculature  dissected  from  the  underlying  bone.  Cerebral  blood  flow  (CBF)  was  measured 
using  a  modification  of  the  technique  originally  described  by  Rapela  and  Green  (1),  where 
the  confluence  of  the  sagittal  and  lateral  sinuses  was  cannulated  and  timed  samples  of 
cerebral  venous  outflow  measured.  A  18  G  catheter  inserted  within  the  cistema  magna 
provided  continuous  monitoring  of  ICP. 
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Method  of  Hemorrhage 

After  instrumentation,  animals  were  stabilized  for  30  minutes  and  baseline  (B)  data  were 
recorded.  Immediately  following  baseline,  arterial  blood  was  rapidly  removed  to  reduce 
mean  arterial  pressure  (MAP)  to  40  mm  Hg,  and  this  level  was  maintained  for  30  minutes 
by  further  removal  or  reinfusion  of  shed  blood.  Data  were  collected  at  the  beginning  (TO) 
and  end  of  shock  (T30).  The  animals  were  then  randomized  into  one  of  two  groups,  based 
upon  resuscitation  fluid  type.  All  fluids  were  rapidly  infused  intravenously  over  a  5  minute 
period.  Group  1  (SAL)  received  32  ml/kg  of  0.9%  NaCl  (145  mEq/L  Na+ );  group  2  (HS) 
received  4.0  ml/kg  of  7.2%  NaCl  (1233  mEq/L  Na+);  group  3  (HES)  received  4.0  ml/kg 
of  20%  hydroxyethylstarch;  and  group  4  (HES/HS)  received  4.0  ml/kg  of  20% 
hydroxyethylstarch  dissolved  in  7.2%  saline.  Data  were  collected  immediately  following 
resuscitation  (T35)  and  at  60  minute  intervals  thereafter  for  two  hours  (T95,  T155). 

Collected  data  included: 

1.  CBF 

2.  ICP 

3.  Systolic  and  diastolic  blood  pressure 

4.  Pulmonary  arterial  and  pulmonary  arteiy  occlusion  pressure 

5.  Central  venous  pressure 

6.  Cardiac  output 

7.  Arterial  pH,  PaC02,  Pa02  (IL 1306,  Instrumentation  Laboratories,  Lexington, 
Mass.,),  arterial  and  cerebral  oxygen  saturation  (IL  282),  and  hemoglobin 
(hgb). 

From  the  collected  data,  the  following  calculations  were  made: 

1.  Mean  arterial  pressure  (MAP  =  diastolic  blood  pressure  plus  1/3  systolic 
minus  diastolic  blood  pressure) 

2.  Total  peripheral  resistance  (TPR)  =  MAP/CO  X  79.9 

3.  Cerebral  perfusion  pressure  (CPP)  =  MAP  -  ICP. 

Statistical  Analysis 

The  Kruskal-Wallis  test  was  employed  to  assess  differences  at  baseline,  during  early  shock 
(TO),  and  during  late  shock  (130)  among  all  four  fluid  groups.  A  multivariate  repeated 
measures  analysis  of  variance  was  performed  to  determine  if  interactions  between  group  and 
time  existed  at  subsequent  post-resuscitation  intervals.  Interactions  were  analyzed  further 
with  the  Holm’s  sequentially  rejective  multiple  test  procedure  using  a  significance  level  of 
0.05.  To  assess  time  and  group  differences  when  an  interaction  was  not  present,  a 
multivariate  repeated  measures  analysis  of  variance  and  an  analysis  of  covariance  were 
performed  on  the  dependent  variables.  An  a  of  0.05  was  used  to  test  for  group  and 
group ‘time  interaction  effects. 


METHODS:  SERIES  2. 

CEREBRAL  VENOUS  OUTFLOW,  SUBDURAL  MASS  LESION 

Animals  used  in  this  study,  twenty-four  mongrel  dogs  each  weighing  18-24  kg,  were  handled, 
according  to  guidelines  established  by  the  institution’s  animal  care  and  use  committee. 

Anesthesia 

Dogs  were  fasted  overnight,  then  anesthetized  with  intravenous  thiopental  sodium  (8.0 
mg/kg),  paralyzed  with  intravenous  vecuronium  (0.2  mg/kg),  and  endotracheally  intubated. 
Halothane  0.5%  in  60%  nitrous  oxide  maintained  anesthesia.  Animals  were  mechanically 
ventilated  at  a  rate  and  tidal  volume  (15  ml/kg)  sufficient  to  maintain  normocarbia  (PaC02 
35-45  mmHg).  Additional  vecuronium,  given  as  needed,  prevented  respiratory  movement. 

Hemodynamic  Monitoring 

Two  femoral  arterial  catheters  were  placed  for  monitoring  of  arterial  blood  pressure  and 
for  induction  of  rapid  hemorrhage,  respectively.  A  flow-directed  pulmonary  artery  catheter 
was  placed  percutaneously  via  the  right  external  jugular  vein  using  the  Seldinger  technique. 
Systemic  and  pulmonary  pressures  were 

recorded  continuously  on  a  Grass  model  79D  polygraph  (Grass  Instrument  Co.,  Quincy, 
Mass.)  with  saline  filled  Gould  Statham  P23  transducers  (Gould,  Inc.,  Oxnard,  CA). 
Pulmonary  artery  occlusion  (PAWP)  and  central  venous  (CVP)  pressures  were  monitored 
intermittently.  Cardiac  output  was  recorded  intermittently  using  an  American  Edwards  Sat-1 
cardiac  output  computer  (American  Edwards,  Corp.,  Santa  Ana,  CA).  All  transducers  were 
intermittently  calibrated  with  the  zero  level  established  at  the  level  of  the  left  atrium  except 
for  ICP,  which  was  zeroed  at  the  level  of  the  external  auditory  canal.  Core  temperature  was 
monitored  by  a  thermistor  on  the  tip  of  the  pulmonary  artery  catheter  and  maintained  with 
the  use  of  a  heating  pad. 

Cerebral  Blood  Flow  Measurement 

Following  splenectomy,  animals  were  turned  to  the  prone  "sphinx"  position,  and  the 
temporalis  and  occipital  musculature  dissected  from  the  underlying  bone  prior  to 
heparinization  (500  IU/kg).  Cerebral  blood  flow  (CBF)  was  measured  using  a  modification 
of  the  technique  originally  described  by  Rapela  and  Green  (1),  where  the  confluence  of  the 
sagittal  and  lateral  sinuses  are  cannulated  and  timed  samples  of  cerebral  venous  outflow 
measured.  Accuracy  of  CBF  measured  using  cerebral  venous  outflow  was  confirmed  using 
the  Xenon  133  clearance  according  to  the  technique  of  Austin  et  al  (2). 

A 18G  catheter  inserted  within  the  cistema  magna  provided  continuous  intracranial  pressure 
(ICP)  monitoring.  A  craniotomy  was  then  performed  over  the  right  temporo-parietal  cortex, 
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the  dura  incised  and  the  balloon  tip  of  a  7  Fr  Foley  catheter  inserted  subdurally  for 
manipulation  of  ICP. 

Collected  data  included: 

1.  CBF 

2.  ICP 

3.  Systolic  and  diastolic  blood  pressure 

4.  Pulmonary  arterial  and  pulmonary  artery  occlusion  pressure 

5.  Central  venous  pressure 

6.  Cardiac  output 

7.  Arterial  pH,  PaC02,  Pa02  (IL 1306,  Instrumentation  Laboratories,  Lexington, 
Mass.,),  arterial  and  cerebral  oxygen  saturation  (IL  282),  and  hemoglobin 
(hgb). 

From  the  collected  data,  the  following  calculations  were  made: 

1.  Mean  arterial  pressure  (MAP  =  diastolic  blood  pressure  plus  1/3  systolic 
minus  diastolic  blood  pressure) 

2.  Total  peripheral  resistance  (TPR)  =  MAP/CO  X  79.9 

3.  Cerebral  perfusion  pressure  (CPP)  =  MAP  -  ICP 

4.  Cerebral  arterial-venous  oxygen  content  difference. 

Method  of  Hemorrhage 

After  instrumentation,  animals  were  stabilized  for  30  minutes  and  baseline  (B) 
hemodynamics  recorded.  Immediately  following  baseline,  ICP  was  increased  to  20  mmHg 
by  inflation  of  the  subdural  balloon  with  saline  and  the  ICP  was  maintained  at  20  mmHg 
with  further  inflation  as  necessaiy  throughout  shock.  Following  balloon  inflation  (BI),  a 
second  data  set  was  obtained.  Arterial  blood  was  then  rapidly  removed  to  reduce  MAP  to 
55  mm  Hg,  and  this  level  was  maintained  for  30  minutes  by  removing  or  reinfusing  blood. 
Data  were  collected  at  the  beginning  (TO)  and  end  (T30)  of  the  30  minute  shock  interval. 
Following  the  shock  interval,  animals  were  randomized  to  one  of  four  groups,  based  upon 
resuscitation  fluid  type.  All  fluids  were  rapidly  infused  intravenously  over  a  5  minute  period. 
Group  1  (SAL)  received  54  ml/kg  of  0.8%  NaCl  (137  mEq/LNa+);  group  2  (HS)  received 
6.0  nd/kg  of  7.2%  NaCl  (1233  mEq/L  Na+)  group  3  (HES)  received  6.0  ml/kg  of  20% 
hydroxyethylstarch;  and  group  4  (HES/HS)  received  6.0  ml/kg  of  20%  hydroxyethylstarch 
dissolved  in  7.2%  saline.  As  resuscitation  began,  the  balloon-tipped  catheter  was  clamped 
and  ICP  allowed  to  vary  independently.  Data  were  collected  immediately  following 
resuscitation  (T35)  and  at  thirty  minute  intervals  thereafter  for  two  hours,  designated  as  T65, 
T95,  T125,  and  T155. 

Statistical  Analysis 

The  Kruskal- Wallis  test  was  employed  to  assess  differences  at  baseline,  during  early  shock 
(TO),  and  during  late  shock  (T30)  among  all  four  fluid  groups.  A  multivariate  repeated 
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time  existed  at  subsequent  post-resuscitation,  intervals.  Interactions  were  analyzed  further 
with  the  Holm  s  sequentially  rejective  multiple  test  procedure  using  a  significance  level  of 
0.05.  To  assess  time  and  group  differences  when  an  interaction  was  not  present,  a 
multivariate  repeated  measures  analysis  of  variance  and  an  analysis  of  covariance  were 
performed  on  the  dependent  variables.  An  a  of  0.05  was  used  to  test  for  group  and 
group*time  interaction  effects. 


METHODS:  SERIES  1A. 

MICROSPHERE  CBF  MEASUREMENTS.  No  MASS  LESION 

Animals  used  in  this  study,  twenty-four  mongrel  dogs  each  weighing  18-24  kg,  were  handled 
according  to  guidelines  established  by  the  institution’s  animal  care  and  use  committee. 

Anesthesia 

Dogs  were  fasted  overnight,  then  anesthetized  with  intravenous  thiopental  sodium  (8.0 
mg/kg),  paralyzed  with  intravenous  pancuronium  bromide  (.03mg/kg)  and  metubine  iodide 
(.12mg/kg),  and  endotracheally  intubated.  Halothane  0.5%  in  60%  nitrous  oxide  provided 
maintenance  anesthesia.  Animals  were  ventilated,  using  a  Edco  Model  822  Large  Animal 
Ventilator  (Edco  Scientific,  Inc.,  Chapel  Hill,  NC),  at  a  tidal  volume  (15  ml/kg)  and  rate 
sufficient  to  maintain  normocarbia  (PaC02  35-45  mm  Hg).  Additional  pancuronium  bromide 
and  metubine  iodide,  given  as  needed,  prevented  respiratory  movement. 

Hemodynamic  Monitoring 

Two  brachial  artery  catheters  were  placed,  the  left  brachial  for  continuous  monitoring  of 
systemic  arterial  blood  pressure  and  heart  rate  and  the  right  as  a  reference  organ  for  organ 
blood  flow  (OBF)  measurement  using  radioactive  microspheres.  A  7FR  pigtail  catheter  was 
inserted  into  the  left  ventricle  from  the  left  femoral  artery  allowed  for  radioactive 
microspshere  injection.  The  right  femoral  artery  was  cannulated  and  utilized  as  a  second 
reference  organ.  A  pulmonary  artery  catheter  was  placed  percutaneously  through  the  right 
external  jugular  vein  using  the  Seldinger  technique  for  measurement  of  cardiac  output, 
central  venous  pressure  and  pulmonary  artery  wedge  pressure.  Body  temperature  was 
monitored  continuously  with  the  aid  of  a  thermistor  located  at  the  tip  of  the  pulmonary 
artery  catheter  and  maintained  at  37  C  with  a  heating  pad.  Hemodynamic  pressure 
monitoring  utilized  a  Grass  model  79D  polygraph  (Grass  Instrument  Co.,  Quincy,  Mass.) 
with  saline  filled  Gould  Statham  P23  transducers  (Gould,  Inc.,  Oxnard,  CA).  Systemic  and 
pulmonary  artery  pressures  were  recorded  continuously;  pulmonary  artery  occlusion  pressure 
(PCWP)  and  central  venous  pressure  (cvp)  were  determined  intermittently.  Cardiac  output 
(CO)  was  recorded  intermittently  using  an  American  Edwards  9520A  cardiac  output 
computer  (American  Edwards  Santa  Ana,  CA).  Systemic  and  pulmonary  artery  pressures 
were  recorded  continuously;  pulmonary  artery  occlusion  pressure  (PCWP)  and  central 
venous  pressure  (cvp)  were  determined  intermittently.  Cardiac  output  (CO)  was  recorded 
intermittently  using  an  American  Edwards  9520A  cardiac  output  computer  (American 
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Edwards,  Santa  Ana,  CA).  All  transducers  were  intermittently  calibrated  with  the  level  of 
the  left  atrium  except  for  ICP,  which  was  zeroed  at  the  level  of  the  external  auditory  canal. 

To  facilitate  rapid  hemorrhage  animals  underwent  splenectomy.  Animals  were  then  turned 
to  the  prone  "sphinx"  position  and  the  occipital  musculature  dissected  from  the  underlying 
bone.  The  superior  sagittal  sinus  was  cannulated  using  a  double  lumen  02  saturation 
catheter  (American  Edwards  Lab.,  Santa  Ana,  CA)  for  continuous  cerebral  venous  S02and 
sagittal  sinus  pressure  monitoring  and  for  rapid  sampling  of  cerebral  venous  blood.  An  18G 
catheter  inserted  into  the  cisterna  magna  provided  continuous  ICP  monitoring. 

Organ  Blood  Flow  Measurements 

Organ  blood  flows,  including  brain,  kidney,  adrenal,  liver  and  heart  were  measured  with  15 
um  radioactive  microspheres  using  the  organ  reference-sample  method  (3).  Radioactive 
microspheres  consisting  of  Gd  153,  Nb  95,  Sn  113,  Sr  85,  and  Sc  46  were  injected  at  specific 
times  within  the  experimental  protocol  for  determination  of  organ  blood  flow.  The 
reference  sample  method  utilized  two  reference  organ  blood  samples.  In  this  series  of 
animals  reference  organs  blood  samples  were  withdrawn  simultaneously  from  the  right 
femoral  and  left  brachial  arteries  using  an  Edco  Model  843  Infusion-Withdrawal  Syringe 
Pump  (Edco  Scientific,  Inc.,  Chapel  Hill,  NC).  Prior  to  microsphere  injection,  microspheres 
were  vortexed  for  4  minutes  to  insure  adequate  mixing.  The  number  of  microspheres 
injected  were  sufficient  to  yield  greater  than  400  microspheres/tissue  segment  with  a 
minimum  of  15,000  counts  per  blood  reference  sample.  Microsphere  injections  were  carried 
out  over  a  15  second  time  period.  The  RFS  were  taken  beginning  30  seconds  prior  to 
microsphere  injection  and  continuing  for  60  seconds  post  microsphere  injection  at  a  rate  of 
2.06  ml/min. 

Collected  data  included: 

1.  ICP 

2.  Systolic  and  diastolic  blood  pressure 

3.  Pulmonary  arterial  and  pulmonary  artery  occlusion  pressure 

4.  Central  venous  pressure 

5.  Cardiac  output 

6.  Arterial  pH,  PaC02,  Pa02,  (IL  1306,  Instrumentation  Laboratories, 

Lexington,  Mass.,),  arterial  and  cerebral  oxygen  saturation  (IL  282),  and 
hemoglobin  (hgb). 

7.  Blood,  plasma,  and  urine  osmolarity  were  measured  with  a  5500  Vapor 
Pressure  Osmometer  (Wescor,  Inc.,  Logan,  Utah). 

8.  Blood  colloid  osmotic  pressures  were  measured  with  a  4100  Colloid 

Osmometer  (Wescor,  Inc.). 
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From  the  collected  data,  the  following  calculations  were  made: 

1.  Mean  arterial  pressure  (MAP  =  diastolic  blood  pressure  plus  1/3  systolic 
minus  diastolic  blood  pressure) 

2.  Total  peripheral  resistance  (TPR)  =  MAP/CO  X  79.9) 

3.  Cerebral  perfusion  pressure  (CPP)  =  MAP  -  ICP. 

4.  Cerebral  vascular  resistance  (CVR  =  CPP  /  CBF) 

5.  Cerebral  arterial-venous  02  content  differences. 

6.  Organ  blood  flows  were  calculated  for  brain,  liver,  kidney,  adrenal  and  heart 
using  the  formula: 

Z  =  Cz  x  5.12/Cr  x  100 

where  Z  is  organ  blood  flow  in  ml/min/lOOgm;  Cz  is  counts  per  gram  of 
organ  tissue  and  Cr  is  the  total  counts  in  both  reference  arterial  samples. 

Method  of  Hemorrhage 

After  instrumentation,  animals  were  stabilized  for  30  minutes  and  baseline  data  collected. 
Immediately  following  baseline  (B)  data  collection,  the  animals  were  rapidly  hemorrhaged 
via  the  right  brachial  artery  to  an  MAP  of  40  mmHg  which  was  maintained  by  further 
removal  or  reinfusion  of  shed  blood.  Hemodynamic  and  organ  blood  flow  measurement 
were  obtained  at  the  mid  shock  time  interval  (T15).  Following  the  shock  interval,  animals 
were  randomized  to  one  of  four  groups,  based  upon  resuscitation  fluid  type.  All  fluids  were 
rapidly  infused  intravenously  over  a  5  minute  period.  Group  1  (SAL)  received  54  ml/kg  of 
0.8%  NaCl  (137  mEq/L  Na+);  group  2  (Hs)  received  6.0  ml/kg  of  7.2%  NaCl  (1233 
mEq/L  Na+);  group  3  (HES)  received  6.0  ml/kg  of  20%  hydroxylethylstarch;  and  group  4 
(HES/HS)  received  6.0  ml/kg  of  20%  hydroxyethlystarch  dissolved  in  7.2%  saline.  Data 
were  collected  immediately  following  fluid  resuscitation  (T35),  and  thereafter  at  60  minute 
intervals  for  2  hours  (T95,  T155). 

Statistical  Analysis 

The  Kniskal-Wallis  test  was  employed  to  assess  differences  at  baseline,  during  early  shock 
(TO),  and  during  late  shock  (T30)  among  all  four  fluid  groups.  A  multivariate  repeated 
measures  analysis  of  variance  was  performed  to  determine  if  interactions  between  group  and 
time  existed  at  subsequent  post-resuscitation,  intervals.  Interactions  were  analyzed  further 
with  the  Holm’s  sequentially  rejective  multiple  test  procedure  using  a  significance  level  of 
0.05.  To  assess  time  and  group  differences  when  an  interaction  was  not  present,  a 
multivariate  repeated  measures  analysis  of  variance  and  an  analysis  of  covariance  were 
performed  on  the  dependent  variables.  An  a  of  0.05  was  used  to  test  for  group  and 
group*time  interaction  effects. 
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METHODS:  SERIES  2A. 

MICROSPHERE  CBF  MEASUREMENT.  SUBDURAL  MASS  LESION 

Animals  used  in  this  study,  twenty-four  mongrel  dogs  each  weighing  18-24  kg,  were,  handled 
according  to  guidelines  established  by  the  institution’s  animal  care  and  use  committee. 

Anesthesia 

Dogs  were  fasted  overnight,  then  anesthetized  with  intravenous  thiopental  sodium  (8.0 
mg/kg),  paralyzed  with  intravenous  pancuronium  bromide  (.03mg/kg)  and  metubine  iodide 
(.12mg/kg),  and  endotracheally  intubated.  Halothane  0.5%  in  60%  nitrous  oxide  provided 
maintenance  anesthesia.  Animals  were  ventilated,  using  a  Edco  Model  822  Large  Animal 
Ventilator  (Edco  Scientific,  Inc.,  Chapel  Hill,  NC),  at  a  tidal  volume  (15  ml/kg)  and  rate 
sufficient  to  maintain  normocarbia  (PaC02  35-45  mm  Hg).  Additional  pancuronium  bromide 
and  metubine  iodide,  given  as  needed,  prevented  respiratory  movement. 

Hemodynamic  Monitoring 

Two  brachial  artery  catheters  were  placed,  the  left  brachial  for  continuous  monitoring  of 
systemic  arterial  blood  pressure  and  heart  rate  and  the  right  as  a  reference  organ  for 
cerebral  blood  flow  (CBF)  determination  using  radioactive  microspheres.  A  7FR  pigtail 
catheter  was  inserted  into  the  left  ventricle  through  the  left  femoral  artery  for  injection  of 
radioactive  microspsheres.  The  right  femoral  artery  was  cannulated  and  utilized  as  a  second 
reference  organ.  A  pulmonary  artery  catheter  was  placed  percutaneously  through  the  right 
external  jugular  vein  using  the  Seldinger  technique  for  cardiac  output  (CO),  central  venous 
pressure  (CVP)  and  pulmonary  artery  wedge  pressure  (PCWP)  measurement.  Body 
temperature  was  monitored  continuously  by  a  thermistor  at  the  tip  of  the  pulmonary  artery 
catheter  and  maintained  at  37  C  with  a  heating  pad.  Hemodynamic  pressure  monitoring 
utilized  a  Grass  model  79D  polygraph  (Grass  Instrument  Co.,  Quincy,  Mass.)  with  Gould 
Statham  P23  transducers  (Gould,  Inc.,  Oxnard,  CA).  Systemic  and  pulmonary  artery 
pressures  were  recorded  continuously;  PAWP  and  CVP  were  measured  intermittently.  CO 
was  recorded  intermittently  using  an  American  Edwards  9520A  cardiac  output  computer 
(American  Edwards,  Santa  Ana,  CA).  All  transducers  were  intermittently  calibrated  with  the 
level  of  the  left  atrium  except  for  ICP,  which  was  zeroed  at  the  level  of  the  external  auditory 
canal. 

To  facilitate  rapid  hemorrhage  all  animals  underwent  splenectomy.  Animals  were  then 
turned  to  the  prone  "sphinx"  position  and  the  occipital  musculature  dissected  from  the 
underlying  bone.  The  superior  sagittal  sinus  was  cannulated  using  a  double  lumen  02 
saturation  catheter  (American  Edwards  Lab.,  Santa  Ana,  CA)  for  continuous  cerebral 
venous  S02and  sagittal  sinus  pressure  monitoring  and  for  rapid  sampling  of  cerebral  venous 
blood.  An  18G  catheter  inserted  into  the  cistema  magna  provided  continuous  ICP 
monitoring.  A  craniotomy  was  then  performed  over  the  right  parietal  cortical  area,  the  dura 
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incised  and  the  balloon  tip  of  a  7  Fr  Foley  catheter  inserted  subdural  for  manipulation  of 
ICP. 

Cerebral  Blood  Flow  Measurement 

Total  and  regional  cerebral  blood  flows  (CBF)  were  measured  with  radioactive  microspheres 
(15  um)  using  the  organ  reference-sample  method  (3).  Radioactive  microspheres  included 
Gd  153,  Nb  95,  Sn  113,  Sr  85,  and  Sc  46.  The  paired  reference  organ  blood  samples  (RFS) 
were  withdrawn  simultaneously  from  the  right  femoral  and  left  brachial  arteries  using  an 
Edco  Model  843  Infusion-Withdrawal  Syringe  Pump  (Edco  Scientific,  Inc.,  Chapel  Hill,  NC). 
Prior  to  injection,  microspheres  were  vortexed  4  minutes  to  insure  adequate  mixing.  For 
each  microsphere  type  injected,  an  amount  was  chosen  that  would  yield  greater  than  400 
microspheres/tissue  segment  and  a  minimum  of  15,000  counts  per  blood  reference  sample. 
Injections  of  each  microsphere  type  was  carried  out  over  a  15  second  period.  The  RFS  were 
taken  beginning  30  seconds  prior  to  microsphere  injection  and  continuing  for  60  seconds 
post  microsphere  injection,  at  a  withdrawal  rate  of  2.06  ml/min. 

Collected  data  included: 

1.  ICP 

2.  Systolic  and  diastolic  blood  pressure 

3.  Pulmonary  arterial  and  pulmonary  artery  occlusion  pressure 

4.  Central  venous  pressure 

5.  Cardiac  output 

6.  Arterial  pH,  PaC02,  Pa02  (IL 1306,  Instrumentation  Laboratories,  Lexington, 

Mass.,),  arterial  and  cerebral  oxygen  saturation  (IL  282),  and  hemoglobin 
(hgb). 

7.  Blood,  plasma,  and  urine  osmolarity  were  measured  with  a  5500  Vapor 
Pressure  Osmometer  (Wescor,  Inc.,  Logan,  Utah). 

8.  Blood  colloid  osmotic  pressures  were  measured  with  a  4100  Colloid 
Osmometer  (Wescor,  Inc.). 

From  the  collected  data,  the  following  calculations  were  made: 

1.  Mean  arterial  pressure  (MAP  =  diastolic  blood  pressure  plus  1/3  systolic 
minus  diastolic  blood  pressure) 

2.  Total  peripheral  resistance  (TPR)  =  MAP/CO  X  79.9 

3.  Cerebral  perfusion  pressure  (CPP)  =  MAP  -  ICP. 

4.  Cerebral  vascular  resistance  (CVR  =  CPP  /  CBF) 

5.  Cerebral  arterial-venous  02  content  differences. 

6.  Organ  blood  flows  were  calculated  for  brain,  liver,  kidney,  adrenal  and  heart 
using  the  formula: 

Z  =  Cz  x  5.12/Cr  x  100 

where  Z  is  organ  blood  flow  in  ml/min/lOOgm;  Cz  is  counts  per  gram  of 
organ  tissue  and  Cr  is  the  total  counts  in  both  reference  arterial  samples. 
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Method  of  Hemorrhage 

After  instrumentation,  animals  were  stabilized  for  30  minutes  and  baseline  (B)  data 
collected.  Immediately  following  baseline,  ICP  was  increased  to  15  mm  Hg  by  balloon 
inflation  (BI)  and  maintained  at  that  level  throughout  the  30  minute  hemorrhagic  shock 
interval.  Animals  were  then  rapidly  hemorrhaged  via  the  right  brachial  artery  to  a  MAP  of 
55  mm  Hg  which  was  maintained  by  further  removing  or  reinfusion  of  shed  blood.  Cerebral 
and  hemodynamic  data  were  obtained  at  the  mid  shock  time  interval  (T15).  Following  the 
shock  interval,  animals  were  randomized  to  one  of  four  groups,  based  upon  resuscitation 
fluid  type.  All  fluids  were  rapidly  infused  intravenously  over  a  5  minute  period.  Group  1 
(SAL)  received  54  ml/kg  of  0.8%  NaCl  (137  mEq/L  Na+ );  group  2  (HS)  received  6.0  ml/kg 
of  7.2%  NaCl  (1233  mEq/L  Na+);  group  3  (HES)  received  6.0  ml/kg  of  20% 
hydroxylethylstarch;  and  group  4  (HES/HS)  received  6.0  ml/kg  of  20%  hydroxyethlystarch 
dissolved  in  7.2%  saline.  Data  were  collected  immediately  following  fluid  resuscitation 
(T35),  and  thereafter  at  60  minute  intervals  for  2  hours  (T95,  T155). 

Statistical  Analysis 

The  Kruskal-Wallis  test  was  employed  to  assess  differences  at  baseline,  during  early  shock 
(TO),  and  during  late  shock  (T30)  among  all  four  fluid  groups.  A  multivariate  repeated 
measures  analysis  of  variance  was  performed  to  determine  if  interactions  between  group  and 
time  existed  at  subsequent  post-resuscitation  intervals.  Interactions  were  analyzed  further 
with  the  Holm  s  sequentially  rejective  multiple  test  procedure  using  a  significance  level  of 
0.05.  To  assess  time  and  group  differences  when  an  interaction  was  not  present,  a 
multivariate  repeated  measures  analysis  of  variance  and  an  analysis  of  covariance  were 
performed  on  the  dependent  variables.  An  a  of  0.05  was  used  to  test  for  group  and 
group ‘time  interaction  effects. 
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SUMMARY  OF  INDIVIDUAL  COMPARISONS 

*Note:  abbreviations  include: 

SAL  =  0.8%  saline  (0.9%  in  Series  1) 

HS  =  7.2%  saline 

HES  =  20%  hydroxyethylstarch  in  0  8%  saline 
HES/HS  =  20%  HES  in  7.2%  saline 
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Series  1  Comparison  A:  SAL  vs.  HS 


Objective: 

To  determine  if  equal  sodium  loads  (cone,  x  volume)  produce  equivalent  systemic  and 
cerebral  hemodynamic  responses  when  administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  1  and  2): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  PaOr  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  3-7  and  Figures  1  and  2): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  1) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  2) 

c.  Cerebral  Hemodynamics  (Table  8;  Figures  3-5): 

1)  Intracranial  Pressure  -  Despite  a  trend  toward  lower  ICP  in  the  HS 
group,  no  overall  group  difference  was  found  (Figure  4) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure  5) 

3)  Cerebral  Blood  Flow  -  nearly  identical  over  time  in  both  groups.  Both 
groups  declined  markedly  following  resuscitation  and  failed  to 
compensate  for  hemodilution  (Figure  3;  see  Table  1). 
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Series  1  Comparison  B:  SAL  vs.  HES 
Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  highly  concentrated  colloid  (20% 
HES  in  0.9%  saline)  on  systemic  and  cerebral  hemodynamic  shock.. 

Statistical  Methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:.  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  9  and  10): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02-  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  11-15  and  figures  6  and  7) 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  at  T35,  PAP  is  significantly  greater  in  the 
NS  group  (p  <  0.001) 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  6) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  7) 

c.  Cerebral  Hemodynamics  (Table  16;  Figures  8-10): 

1)  Intracranial  Pressure  -  no  overall  group  difference  was  found 
(Figure  8) 

2)  Cerebral  Perfusion  Pressure  -  significant  group  differences  by  Holm’s 
test  at  T35,  T65,  T95,  T155  (SAL  greater)  (Figure  9) 

3)  Cerebral  Blood  Flow  -  significant  group  difference  by  Holm’s  test  at 
T35  (Figure  10)  (HES  lower).  Both  groups  declined  following 
resuscitation  and  failed  to  compensate  for  hemodilution  (Figure  10;  see 
Table  9) 
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Series  1  Comparison  C:  HES  vs.  HS 


Objective: 

To  determine  if  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a  hyperoncotic 
solution  (20%  HES)  produce  equivalent  systemic  and  cerebral  hemodynamic  responses  when 
administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline  or  during  shock 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  17  and  18): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02- no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Table  19-23  and  Figures  11  and  12): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  statistically  significant  difference  at  all 
post-resuscitation  time  points 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  no  difference  between  groups  (Figure  11) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  12) 

c.  Cerebral  Hemodynamics  (Table  24;  Figures  13-15): 

1)  Intracranial  Pressure  -  no  difference  between  groups  (Figure  13) 

2)  Cerebral  Perfusion  Pressure  -  group  difference  at  all  time  periods 
(p<0.01)  (Figure  14) 

3)  Cerebral  Blood  Flow  -  Holm’s  sequential  multiple  test  procedure 
shows  a  significant  group  difference  at  T35  (Figure  15),  with  CBF 
significantly  greater  in  the  HS  group 
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Series  1  Comparison  D:HS  vs.  HES/HS 


Objective: 

To  compare  the  effects  of  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a 
hypertonic/hyperoncotic  solution  (20%  HES  in  7.2%  saline)  on  systemic  and  cerebral 
hemodynamic  responses  when  administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline  or  during  shock 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  25  and  26): 

1)  PaC02-  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  27-31;  figures  16  and  17): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  16) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  17) 

c.  Cerebral  Hemodynamics  (Table  32;  Figures  18-20): 

1)  Intracranial  Pressure  -  no  difference  between  groups  (Figure  18) 

2)  Cerebral  Perfusion  Pressure,  statistically  significant  difference  (Holm’s) 
between  groups  (Figure  19) 

3)  Cerebral  Blood  Flow  -  no  significant  group  difference  (Figure  20) 
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Series  1  Comparison  E:  HES  vs.  HES/HS 


Objective: 

To  compare  the  effects  of  equal  volumes  of  a  hyperoncotic  solution  (20%  HES)  and  a 
hypertonic/hyperoncotic  solution  (20%  HES  in  7.2%  saline)  on  systemic  and  cerebral 
hemodynamic  responses  when  administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline  or  during  shock 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  33  and  34): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  35-39;  Figures  21  and  22): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  no  difference  between  groups  (Figure  21) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  22) 

c.  Cerebral  Hemodynamics  (Figures  23-25): 

1)  Intracranial  Pressure  -  no  difference  between  groups  (Figure  23) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups 
(Figure  24) 

3)  Cerebral  Blood  Flow  -  no  difference  between  groups  (Figure  25) 
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Series  1  Comparison  F:  SAL  vs.  HES/HS 


Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  hypertonic/hyperoncotic  solution 
(20%  HES  in  7.2%  saline)  on  systemic  and  cerebral  hemodynamic  responses  when 
administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  41  and  42): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02-  no  difference  between  groups 

4)  pH 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  43-47;  Figures  26  and  27) 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  no  difference  between  groups  (Figure  26) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  27) 

c.  Cerebral  Hemodynamics  (Table  48;  Figures  28-30): 

1)  Intracranial  Pressure  -  no  group  difference  (Figure  28) 

2)  Cerebral  Perfusion  Pressure  -  no  group  difference  (Figure  29) 

3)  Cerebral  Blood  Flow  -  no  group  difference  (Figure  30)  Both  groups 
declined  following  resuscitation  and  failed  to  compensate  for 
hemodilution 
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Series  2  Comparison  G:  SAL  vs.  HS 


Objective: 

To  determine  if  equal  sodium  loads  (cone,  x  volume)  produce  equivalent  systemic  and 
cerebral  hemodynamic  responses  when  administered  following  hypovolemic  shock  in  the 
presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  following  balloon  inflation,  or  during 
shock 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  49-50): 

1)  PaC02  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02- no  difference  between  groups 

b.  Systemic  variables  (Tables  51-56  and  Figures  31  and  32): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  31) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  32) 

c.  Cerebral  Hemodynamics  (Table  57-59  and  Figures  33-35): 

1)  Intracranial  Pressure  -  Holm’s  sequential  multiple  test  procedure  shows 
a  significant  group  difference  (HS  lower)  at  T35  (Figure  33) 

2)  Cerebral  Perfusion  Pressure  Holm  s  sequential  multiple  test  procedure 
shows  a  significant  group  difference  at  T35,  T65,  and  T95  with  CPP 
greater  in  the  SAL 

3)  Cerebral  Blood  Flow  -  no  significant  group  effect.  Both  groups 
declined  markedly  following  resuscitation  and  failed  to  compensate  for 
hemodilution  (Figuie  34) 

4)  Cerebral  Venous  Oxygen  Content  no  difference  between  groups 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  35) 


Series  2  Comparison  H:  SAL  vs.  HES 
Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  highly  concentrated  colloid  (20% 
HES  in  0.9%  saline)  on  systemic  and  cerebral  hemodynamic  responses  when  administered 
following  hypovolemic  shock  in  the  presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  following  balloon  inflation,  or  during 
shock 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  60  and  61): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  62-67  and  Figures  36  and  37): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  group  difference  (Figure  36) 

5)  Mean  Arterial  Pressure  -  no  significant  group  difference  (Figure  37) 

c.  Cerebral  Hemodynamics  (Tables  68-70;  Figures  38-41): 

1)  Intracranial  Pressure  -  Despite  a  trend  toward  lower  ICP  in  the  HES 
group,  no  overall  group  difference  (Figure  38) 

2)  Cerebral  Perfusion  Pressure  significant  group  difference  at  T35 
(Figure  39) 

3)  Cerebral  Blood  Flow  -  nearly  identical  over  time  in  both  groups.  Both 
groups  recovered  poorly  following  resuscitation  and  failed  to 
compensate  for  hemodilution  (Figure  40) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups  (Table  69) 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  41) 
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Series  2  Comparison  I:  HES  vs.  HS 


Objective: 

To  determine  if  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a  hyperoncotic 
solution  (20%  HES)  produce  equivalent  systemic  and  cerebral  hemodynamic  responses  when 
administered  following  hypovolemic  shock  in  the  presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 
(MAP) 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  71  and  72): 

1)  PaC02-  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  differences  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  73-78;  Figures  42  and  43): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  42) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  43) 

c.  Cerebral  Hemodynamics  (Figures  44-47): 

1)  Intracranial  Pressure  -  significant  group  effect  at  T35  by  Holm’s 
sequential  multiple  test  procedure  (Figure  44) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups 
(Figure  45) 

3)  Cerebral  Blood  Flow  no  significant  group  difference  (Figure  46) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  47) 
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Series  2  Comparison  J:  HS  vs.  HES/HS 

Objective:  <  , 

To  compare  the  effects  of  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a 
hypertonic/hyperoncotic  solution  (20%  HES  in  7.2%  saline)  on  systemic  and  cerebral 
hemodynamic  responses  when  administered  following  hypovolemic  shock  in  the  presence  of 
an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  82): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02-  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Table  83  and  Figures  48  and  49): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -no  difference  between  groups  (Figure  48);  note: 
trend  toward  higher  CO  later  following  resuscitation 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  49) 

c.  Cerebral  Hemodynamics  (Figures  50-53): 

.  1)  Intracranial  Pressure  significant  difference  between  groups  at  T95 
(Figure  50) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups 
■  (Figure  51) 

3)  Cerebral  Blood  Flow  -  no  difference  between  groups  (Figure  52) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups  (Table  85) 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  53) 
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Series  2  Comparison  K:  HES  vs.  HES/HS 
Objective: 

To  compare  the  effects  of  equal  volumes  of  a  hyperoncotic  solution  (20%  HES)  and  a 
hypertonic/hyperoncotic  solution  (20%  HES  in  7.2%  saline)  on  systemic  and  cerebral 
hemodynamic  responses  when  administered  following  hypovolemic  shock  in  the  presence  of 
an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  86  and  87): 

1)  PaCo2  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  86  and  17  and  Figure  54): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  no  difference  between  groups  (Figure  54) 

5)  Mean  Arterial  Pressure  no  difference  between  groups 

c.  Cerebral  Hemodynamics  (Tables  88  and  89;  Figures  55-58): 

1)  Intracranial  Pressure  -  no  difference  between  groups  (Figure  55) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 
56) 

3)  Cerebral  Blood  Flow  -  no  group  difference  (Figure  57) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  no  difference  between  groups  (Figure  58) 
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Series  2  Comparison  L:  SAL  vs.  HES/HS 
Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  hypertonic/hyperoncotic  solution 
(20%  HES  in  7.2%  saline)  on  systemic  and  cerebral  hemodynamic  responses  when 
administered  following  hypovolemic  shock  in  the  presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  90  and  91): 

1)  PaCO^-  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02-  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  92-99;  Figures  59  and  60): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  59) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  60) 

c.  Cerebral  Hemodynamics  (Figures  61-64): 

1)  Intracranial  Pressure  -  significant  group  effect,  but  no  individual 
interval  differences  by  Holm’s  sequential  multiple  test  procedure 
(Figure  61) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 
62) 

3)  Cerebral  Blood  Flow  -  no  group  difference  (Figure  63) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  64) 
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Series  la  Comparison  M:  SAL  ys.  HS 
Objective: 

To  determine  if  equal  sodium  loads  (cone,  x  volume)  produce  equivalent  systemic  and 
cerebral  hemodynamic  responses  (including  regional  distribution  of  cerebral  blood  flow) 
when  administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline  or  at  mid-shock 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  102  and  103): 

1)  PaC02-  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  CaO  2  -  no  difference  between,  groups 

b.  Systemic  variables  (Tables  104-110;  Figures  65  and  66): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  significant  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  group  difference  (Figure  65) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  66) 

c.  Cerebral  Hemodynamics  (Tables  111-113;  Figures  67-70): 

1)  Intracranial  Pressure  -  lower  ICP  in  the  HS  group,  with  significant 
interval  differences  confirmed  by  Holm’s  sequential  multiple  test 
procedure  at  T35,  T95,  and  T155  (p<  0.0005)  (Figure  67) 

2)  Cerebral  perfusion  Pressure  -  no  difference  between  groups  (Figure 

68) 

3)  •  Cerebral  Blood  Flow  -  Both  groups  declined  following  resuscitation 

and  failed  to  compensate  for  hemodilution  (Figure  69) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups  (Table  112) 

5)  Cerebral  Metabolic  Rate  no  difference  between  groups  (Figure  70) 
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Series  la  Comparison  N:  SAL  vs.  HES 
Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  highly  concentrated  colloid  (20% 
HES  in  0.9%  saline)  on  systemic  and  cerebral  hemodynamic  responses  (including  regional 
cerebral  blood  flow)  when  administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  oi  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  114  and  115): 

1)  PaC02-  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  116-122;  Figures  71  and  72): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary'  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  significant  group  difference  (Figure  7) 

5)  Mean  Arterial  Pressure  -  significant  group  difference  at  T95  (Figure 
72) 

c.  Cerebral  Hemodynamics  (Tables  123-125;  Figures  73-76): 

1)  Intracranial  Pressure  -  lower  ICP  in  the  HES  group  at  T35  (P<0.05) 
(Figure  73) 

2)  Cerebral  Perfusion  Pressure  -  significant  group  difference  (p<0.05) 
(Figure  74) 

3)  Cerebral  Blood  Flow  -  consistently  higher  over  time  in  HES  group. 
Neither  group  compensated  for  hemodilution  (Figure  75) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
.  between  groups  (Table  124) 

5)  Cerebral  Metabolic  Rate  -  no  difference  between  groups  (Figure  76) 
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Series  2a  Comparison  0:  HES  vs.  HS 


Objective: 

To  determine  if  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a  hyperoncotic 
solution  (20%  HES)  produce  equivalent  systemic  and  cerebral  hemodynamic  (including 
regional  cerebral  blood  flow)  responses  when  administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal- Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any 

variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  126  and  127): 

1)  PaC02-  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02-  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02- no  difference  between  groups 

b.  Systemic  variables  (Tables  128-134;  Figures  71  and  78): 

1)  pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  significant  difference  between 

groups;  Holm’s  sequential  multiple  test  procedure  significant  at 
mid-shock  and  T155  (Figure  77) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  78) 

c.  Cerebral  Hemodynamics  (Tables  135-137;  Figures  79-82): 

1)  Intracranial  Pressure  -  statistically  significant  difference  between 
groups  (p<0.01)  (Figure  79) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 
80) 

3)  Cerebral  Blood  Flow  -  overall  group  difference;  no  specific  interval 
differences  (p<0.05)  (Figure  81) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  difference  between  groups  (Figure  82) 


Series  la  Comparison  P:  HS  vs.  HES/HS 
Objective: 

To  compare  the  effects  of  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a 
hypertonic/hyperoncotic  solution  (20%  HES  in  7.2%  saline)  on  systemic  and  cerebral 
hemodynamic  (including  regional  cerebral  blood  flow)  responses  when  administered 
following  hypovolemic  shock. 

Statistical  methods:  ‘ 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  151  and  152): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  153-159;  Figures  89  and  90): 

1)  Pulmonary  Arteiy  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  significant  difference  between  groups 
(p<0.05) 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  89) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  90) 

c.  Cerebral  Hemodynamics  (Tables  160-162;  Figures  91-94): 

1)  Intracranial  Pressure  -  no  difference  between  groups  (Figure  91) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 
92) 

3)  Cerebral  Blood  Flow  -  no  significant  group  difference  (Figure  93) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  difference  between  groups  (Figure  94) 
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Series  la  Comparison  Q:  SAL  vs.  HES/HS 
Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  a  hypertonic/hyperoncotic  solution 
(20%  HES  in  7.2%  saline)  on  systemic  and  cerebral  hemodynamic  (including  regional 
cerebral  blood  flow)  responses  when  administered  following  hypovolemic  shock. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  163  and  164) 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  165-171;  Figures  95  and  96): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  significant  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  95) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  96) 

c.  Cerebral  Hemodynamics  (Tables  172-174;  Figures  97-100): 

1)  Intracranial  Pressure  -  borderline  group  difference  between  groups 
(p= 0.0465)  (Figure  99) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 

100) 

3)  Cerebral  Blood  Flow  overall  group  difference  (p=0.01)  (Figure  97), 
with  CBF  greater  in  the  HES/HS  group 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  no  difference  between  groups  (Figure  98) 
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Series  2a  Comparison  R:  SAL  vs.  HS 
Objective: 

To  determine  if  equal  sodium  loads  (cone,  x  volume)  produce  equivalent  systemic  and 
cerebral  hemodynamic  (including  regional  cerebral  blood  flow)  responses  when  administered 
following  hypovolemic  shock  in  the  presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable; 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 

groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  175  and  176) 

1)  PaC02- no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups; 

3)  Pa02- no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups; 

b.  Systemic  variables  (Tables  178-182;  Figures  101  and  102): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  Holm’s  sequential  multiple  test  procedure  shows  a 
significant  group  difference  (HS  lower)  at  T35  (Figure  101) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  102) 

c.  Cerebral  Hemodynamics  (Table  183-186;  Figures  103-106): 

1)  Intracranial  Pressure  -  overall  group  difference  (HS  lower)  (p<0.05) 
(Figure  103) 

2)  Cerebral  Perfusion  Pressure  -  no  significant  group  difference  (Figure 
104) 

3)  Cerebral  Blood  Flow  -  significant  group  effect  on  right  hemispheric 
rCBF  (Table  186)0  by  Holm’s  sequential  multiple  test  procedure  (p  = 
0.05).  Both  groups  declined  markedly  following  resuscitation  and 
failed  to  compensate  for  hemodilution  (Figure  105) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  106) 
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Series  2a  Comparison  S:  SAL  vs.  HES 
Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  highly  concentrated  colloid  (20% 
HES  in  0.9%  saline)  on  systemic  and  cerebral  hemodynamic  (including  regional  cerebral 
blood  flow)  responses  when  administered  following  hypovolemic  shock  in  the  presence  of 
an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  problematic  differences  at  baseline  in  CBF,  ICP,  CPP,  CMR02, 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Tables  187  and  188): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  difference  between  groups  at  T35,  baseline  and  mid-shock 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  difference  between  groups  p=0.02 

5)  blood  temperature  -  difference  between  groups  at  T35 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  189,  193;  Figures  107  and  108): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  Holm’s  sequential  multiple  test  procedure  suggests 
a  significant  group  difference  (SAL  higher)  at  T35  and  at  T155  (SAL 
lower)  (Figure  107) 

5)  Mean  Arterial  Pressure  -  different  at  baseline;  similar  thereafter 
(Figure  108) 

c.  Cerebral  Hemodynamics  (Tables  194-196;  Figures  109-112): 

1)  Intracranial  Pressure  -  no  group  difference  (Figure  109) 

2)  Cerebral  Perfusion  Pressure  -  no  group  difference  (Figure  110) 

3)  Cerebral  Blood  Flow  -  no  significant  difference  over  time  between 
groups.  Both  groups  failed  to  compensate  for  hemodilution  despite 
apparently  adequate  CPP  (Figure  111) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  112) 


34 


Series  2a  Comparison  T:  HES  vs.  HS 


Objective: 

To  determine  if  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a  hyperoncotic 
solution  (20%  HES)  produce  equivalent  systemic  and  cerebral  hemodynamic  (including 
regional  cerebral  blood  flow)  responses  when  administered  following  hypovolemic  shock  in 
the  presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  198): 

1)  PaC02-  no  difference  between  groups 

2)  Hgb  -  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Table  198;  Figures  113  and  114): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups  (check  baseline) 

4)  Cardiac  Output  no  difference  between  groups  (Figure  113) 

5)  Mean  Arterial  Pressure  no  difference  between  groups  (Figure  114); 

c.  Cerebral  Hemodynamics  (Tables  199  and  220;  Figures  115- 
118): 

1)  Intracranial  Pressure  significant  group  effect  (p<0.05)  (Figure  115) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 
116) 

3)  Cerebral  Blood  Flow  -  overall  group  difference  (p = 0.05)  (Figure  1 17); 
subanalysis  demonstrates  that  the  right  hemispheric  cortical  flow  was 
significant  at  the  .03  level 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  significant  difference  between  groups 
(Figure  118);  values  are  greater  in  the  HS  group  (p=.0499) 


35 


'Sr 


Series  2a  Comparison  U:  HS  vs.  HES/HS 
Objective: 

To  compare  the  effects  of  equal  volumes  of  a  hypertonic  solution  (7.2%  saline)  and  a 
hypertonic/hyperoncotic  solution  (20%  HES  in  7.2%  saline)  on  systemic  and  cerebral 
hemodynamic  (including  regional  cerebral  blood  flow)  responses  when  administered 
following  hypovolemic  shock  in  the  presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal- Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  201): 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Table  201;  Figures  119  and  120): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  significant  difference  between  groups  (p= 0.015) 
(Figure  119) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  120); 
at  T155  MAP  appears  to  be  better  maintained  in  the  combination 
group 

c.  Cerebral  Hemodynamics  (Tables  202,  203;  Figures  121,  124): 

1)  Intracranial  Pressure  -  significant  difference  between  groups  (Figure 

121)  at  T35,  T95,  and  155 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 

122) 

3)  Cerebral  Blood  Flow  -  no  difference  between  groups  (Figure  123) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  significant 
difference  between  groups  (p= 0.0425) 

5)  Cerebral  Metabolic  Rate  -  significant  difference  between  groups 
(Figure  124)  favoring  HS  alone  (p= 0.028) 
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Series  2a  Comparison  V:  HES  vs.  HES/HS 
Objective: 

To  compare  the  effects  of  equal  volumes  of  a  hyperoncotic  solution  (20%  HES)  and  a 
hypertonic/hyperoncotic  solution  (20%  HES  in  7.2%  saline)  on  systemic  and  cerebral 
hemodynamic  (including  regional  cerebral  blood  flow)  responses  when  administered 
following  hypovolemic  shock  in  the  presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable, 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  204); 

1)  PaCo2  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  difference  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  difference  between  groups  at  baseline,  T35,  T95 

b.  Systemic  variables  (Table  204  and  Figures  125  and  126): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  difference  between  groups  (p<0.05  at  T35)  (Figure 
125) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  126) 

c.  Cerebral  Hemodynamics  (Figures  127-130): 

1)  Intracranial  Pressure  -  no  difference  between  groups  (Figure  127), 
note:  late  increase  in  ICP  in  the  HES/HS  group 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 
128) 

3)  Cerebral  Blood  Flow  -  group  difference  (p= 0.0193)  (Figure  129) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  no  difference  between  groups  (Figure  130) 
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Series  2a  Comparison  W:  SAL  vs.  HES/HS 
Objective: 

To  determine  the  equivalency  of  the  effects  of  conventional  rapid  administration  of  large 
volumes  of  isotonic  crystalloid  versus  small  volumes  of  a  hypertonic/hyperoncotic  solution 
(20%  HES  in  7.2%  saline)  on  systemic  and  cerebral  hemodynamic  (including  regional 
cerebral  blood  flow)  responses  when  administered  following  hypovolemic  shock  in  the 
presence  of  an  intracranial  mass  lesion. 

Statistical  methods: 

1.  Kruskal-Wallis:  no  differences  at  baseline,  early  shock,  or  late  shock  in  any  variable 

2.  Multivariate  ANOVA  (Note:  By  design,  there  are  significant  time  effects  within 
groups  in  nearly  all  variables.  Therefore,  only  group  effects  are  discussed  below): 

a.  Control  variables  (Table  207) 

1)  PaC02  -  no  difference  between  groups 

2)  Hgb  -  no  difference  between  groups 

3)  Pa02  -  no  differences  between  groups 

4)  pH  -  no  difference  between  groups 

5)  blood  temperature  -  no  difference  between  groups 

6)  Ca02  -  no  difference  between  groups 

b.  Systemic  variables  (Tables  207-210;  Figures  131  and  132): 

1)  Pulmonary  Artery  Wedge  Pressure  (PAWP)  -  no  difference  between 
groups 

2)  Pulmonary  artery  pressure  -  no  significant  difference  between  groups 

3)  Heart  Rate  -  no  difference  between  groups 

4)  Cardiac  Output  -  no  difference  between  groups  (Figure  131) 

5)  Mean  Arterial  Pressure  -  no  difference  between  groups  (Figure  132) 

c.  Cerebral  Hemodynamics  (Figures  133-135): 

1)  Intracranial  Pressure  -  borderline  group  difference  between  groups 
(p= 0.0465)  (Figure  133) 

2)  Cerebral  Perfusion  Pressure  -  no  difference  between  groups  (Figure 
134) 

3)  Cerebral  Blood  Flow  -  no  group  difference  (Figure  135) 

4)  Cerebral  Arteriovenous  Oxygen  Content  Difference  -  no  difference 
between  groups 

5)  Cerebral  Metabolic  Rate  -  no  difference  between  groups  (Figure  136) 
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Abstracts  that  have  been  presented  based  upon  these  data  are  appended. 


4.  Conclusions: 


Hypertonic  saline  and  combinations  of  hypertonic  saline  with 
hydroxyethylstarch  are  associated  with  lower  intracranial  pressure  than 
isotonic  solutions  when  used  for  resuscitation  from  hemorrhagic  shock,  with 
or  without  the  presence  of  and  intracranial  mass  lesion. 

Cerebral  blood  flow  is  improved  by  hypertonic  resuscitation  if  an  intracranial 
mass  lesion  is  present. 

Under  certain  circumstances,  hypertonic  saline  is  associated  with  a  delayed 
rise  in  intracranial  pressure  at  a  time  when  the  systemic  hemodynamic  effects 
have  dissipated. 

In  general,  the  hemodynamic  effects  of  hypertonic  saline  resuscitation  are 
transient. 

The  addition  of  hyperoncotic  colloid  somewhat  prolongs  the  effects  of 
hypertonic  solutions. 
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5.  Recommendations  for  further  study: 

a.  The  delayed  rise  in  intracranial  pressure  is  a  most  serious  limitation  of 
hypertonic  saline  resuscitation  and  should  be  investigated  to  determine  the 
circumstances  under  which  this  is  most  likely  to  occur. 

b.  Alternative  colloids  should  be  examined  to  determine  whether  they  exert 
similar  systemic  and  cerebral  effects  in  combination  with  hypertonic  saline. 

c.  Careful  investigation  should  be  performed  to  determine  whether  central 
pontine  myelinolysis,  a  common  and  devastating  neurologic  complication 
associated  with  rapid  correction  of  hyponatremia,  is  also  associated  with  rapid 
increases  in  serum  sodium  from  normal  to  supernormal. 
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APPENDIX  A 


SCIENTIFIC  PRESENTATIONS 


SCIENTIFIC  PRESENTATIONS 
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Intracranial  Pressure  Following  Resuscitation  from  Hemorrhagic  Shock.  Society  of  Critical 
Care  Medicine,  Sixteenth  Annual  Educationsl  and  Scientific  Symposium,  Anaheim, 
California,  May  28,  1987. 

Hypertonic/hyperoncotic  Fluid  Resuscitation  Following  Hemorrhagic  Shock:  Comparison 
of  fluids.  1987  Symposium  on  Hypertonic  Resuscitation,  Monterrey,  California,  June  4, 1987. 

Effects  of  Fluid  Resuscitation  from  Hemorrhagic  Shock  on  Cerebral  Hemodynamics  in  the 
Presence  of  an  Intracranial  Mass.  1987  Symposium  on  Hypertonic  Resuscitation,  Monterrey, 
California,  June  5,  1987. 

Shock  Plus  an  Intracranial  Mass  in  Dogs:  Cerebrovascular  Effects  of  Resuscitation  Fluid 
Choices.  62  nd  Congress,  International  Anesthesia  Research  Society,  San  Diego,  California, 
March  8,  1988.  Also  presented  at  the  1988  National  Student  Research  Forum,  Galveston, 
Texas,  April  10,  1988. 

Resuscitation  From  Hemorrhagic  Shock  in  Association  with  an  Intracranial  Mass:  Effects 
of  a  clinically  modeled  protocol  on  ICP.  Society  of  Critical  Care  Medicine,  Orlando, 
Florida,  June  2,  1988. 

Shock  Plus  Intracranial  Hypertension  Increases  Cerebral  Thromboxane  Release.  Society 
of  Critical  Care  Medicine,  Orlando,  Florida,  June  2,  1988. 

A  Clinically  Derived  Fluid  Resuscitation  Protocol  Progressively  Increases  ICP  in  Dogs  with 
Hemorrhagic  Shock  and  an  Intracranial  Mass.  Seventh  International  Symposium  on 
Intracranial  Pressure  and  Brain  Injury,  Ann  Arbor,  Michigan,  June  21,  1988. 

Small  Volume  Resuscitation  from  Hemorrhagic  Shock  in  Dogs  with  Hypertonic  Saline- 
Hydroxyethyl  Starch  Solutions.  American  Society  of  Critical  Care  Anesthesiologists,  San 
Francicso,  California,  October  7,  1988,  and  at  the  American  Society  of  Anesthesiologists, 
San  Francisco,  California,  October  10,  1988. 

Regional  Cerebral  Blood  Flow  Following  Resuscitation  From  Hemorrhagic  Shock  in  Dogs 
with  a  Subdural  Mass.  American  Society  of  Critical  Care  Anesthesiologists,  San  Francisco, 
California,  October  7, 1988,  and  at  the  American  Society  of  Anesthesiolgists,  San  Francisco, 
California,  October  10,  1988. 


Regional  Cerebral  Blood  Flow  (rCBF)  Following  Resuscitation  From  Hemorrhagic  Shock 
with  Increased  Intracranial  Pressure  (ICP).  73  rd  Annual  Meeting  of  the  Federation  of 
American  Societies  for  Experimental  Biology,  New  Orleans,  Louisiana,,  March  21,  1989. 

rCBF  Following  Fluid  Resuscitation  From  Hemorrhagic  Shock  with  Isotonic  or  7.2%  saline 
with  and  without  a  subdural  mass.  Twelth  Annual  Conference  on  Shock,  Marco  Island, 
florida,  June  10,  1989. 


APPENDIX  B 

PUBLISHED  ABSTRACTS  (10) 
UNPUBLISHED  ABSTRACTS  (3) 


ABSTRACTS 


Olympio  MA,  Whitley  JM,  Prough  DS,  Petrozza  PH,  and  Watkins  WD.  Cerebral 
Venous  Release  of  Thromboxane  A2  Following  Hemorrhagic  Shock.  Anesthesiology 
Review  1986;13:55. 

Whitley  JM,  Prough  DS,  Olympio  MA,  and  Petrozza  PH.  Intracranial  Pressure 
Following  Resuscitation  from  Hemorrhagic  Shock.  Critical  Care  Medicine 
1987;15:433. 

Whitley  JM,  Prough  DS,  and  DeWitt  DS.  Shock  Plus  an  Intracranial  Mass  in  Dogs: 
Cerebrovascular  Effects  of  Resuscitation  Fluid  Choices.  Anesthesia  and  Analgesia 
(  Suppl.)  1988;76:S259. 

Whitley  JM,  Prough  DS,  Deal  DD,  and  Lamb  AK.  A  Clinically-derived  Fluid 
Resuscitation  Protocol  Progressively  Increases  ICP  in  Dogs  with  Hemorrhagic  Shock 
and  an  Intracranial  Mass.  Seventh  International  Symposium  on  Intracranial  Pressure 
and  Brain  Injury.  Intracranial  Pressure  VII  1988:761.  Publisher:  Springer-Verlag, 
Federal  Republic  of  Germany. 

Whitley  JM,  Prough  DS,  Deal  DD,  and  Lamb  AK.  Resuscitation  From  Hemorrhagic 
Shock  in  Association  with  an  Intracranial  Mass:  Effects  of  a  Clinically  modeled 
protocol  on  Intracranial  Pressure.  Critical  Care  Medicine  1988;16:384. 

Kong  DL,  Whitley  JM,  Prough  DS,  and  DeWitt  DS.  Shock  Plus  Intracranial 
Hypertension  Increases  Cerebral  Thromboxane  Release.  Critical  Care  Medicine 
1988;16:383. 

Whitley  JM,  Prough  DS,  Deal  DD,  Lamb  AK,  and  DeWitt  DS.  Regional  Cerebral 
Blood  Flow  Following  Resuscitation  from  Hemorrhagic  Shock  in  Dogs  with  a 
Subdural  Mass.  Anesthesiology  ( suppl.)  1988;69(3A):A539. 

Whitley  JM,  Prough  DS,  Deal  DD,  Lamb  AK,  and  DeWitt  DS.  Small  Volume 
Resuscitation  from  Hemorrhagic  Shock  in  Dogs  With  Hypertonic  Saline-hydroxyethyl 
Starch  Solutions.  Anesthesiology  (  suppl.)  1988;69(3A):A847. 

Whitley  JM,  Prough  DS,  Deal  DD,  and  Lamb  AK.  Regional  Cerebral  Blood  Flow 
(rCBF)  Following  Resuscitation  from  Hemorrhagic  Shock  With  Increased 
Intracranial  Pressure  (ICP).  Published  in  Proceedings  from  the  Federation  of 
Association  Societies  of  Experimental  Biology  1989:A548. 

Whitley  JM,  Prough  DS,  Deal  DD,  Vines  SM,  and  Taylor  CL.  rCBF  Following  Fluid 
Resuscitation  from  Hemorrhagic  Shock  with  Isotonic  or  7.2%  Saline  With  and 
Without  a  Subdural  Mass.  Circulatory  Shock  1989;27(4):360-361. 


Ml 


/ 

< 


n  (>  ..  _  >  A 


Title:  CEREBRAL  VENOUS  RELEASE  OF  THROMBOXANE  Aj  FOLLOWING  HEMORRHAGIC  SHOCK 

Authors:  M.  A.  Olyxpio,  M.D.,  J.  M.  Whitley,  Ph.D.,  D.  S.  Prough,  M.D.,  P.  H.  Petrozza,  M.D.,  W.  D. 

Watkins,  M.O.,  Ph.D 

Affiliation:  Departments  of  Anesthesia  and  Neurology,  Wake  Forest  University  Medical  Center,  Winston-Salem, 

North  Carolina,  27103  and  Department  of  Anesthesia,  Duke  University  Medical  Center,  Durham, 
North  Carolina,  27706 


Introduction:  Following  crystalloid  fluid  re¬ 
suscitation  from  hemorrhagic  shock,  cerebral  blood 
flow  (CBF)  may  not  be  restored  to  control  values 
despite  hemodilution  (1) .  In  contrast,  similar 
hemodilution  produced  by  concurrent  isovolemic  re¬ 
placement  of  blood  with  crystalloid  increases  CBF  to 
levels  greater  than  control  (2) .  Recent  data  suggest 
that  thromboxane  B2  (TxB2> ,  the  stable  metabolite  of 
thromboxane  A2<  a  potent  vasoconstrictor,  is  present 
m  increased  quantities  in  cerebral  venous  blood  fol¬ 
lowing  global  cerebral  ischemia  (GCI)  (3) .  We  per¬ 
formed  this  study  to  determine  if  TxB2  level3  are 
also  increased  in  cerebral  venous  blood  during  or 
after  hemorrhagic  shock  followed  by  resuscitation 
with  lactated  Ringer's  solution  (LRS) . 

Methods;  The  protocol  was  approved  by  the 
institutional  animal  care  committee.  Six  15-  to 
25-kg  mongrel  dogs  were  anesthetized  with  sodium 
thiopental  10  mgAg  iv,  paralyzed  with  succmyl- 
choline  4.0  mgAg.  endotracheally  intubated,  and 
ventilated  to  maintain  normocapnia.  Halothane  1.0% 
in  02  was  administered  during  the  following  prepa¬ 
rations.  A  pulmonary  artery  catheter  and  bilateral 
femoral  artery  catheter  were  placed.  After  splenec¬ 
tomy  the  animals  were  turned  to  the  prone  "sphinx" 
position  and  the  occipital  musculature  was  dissected 
from  the  skull.  The  animals- were  heparinized,  the 
straight  sinus  was  cannulated,  and  the  lateral 
sinuses  were  occluded.  A  catheter  was  placed  in  the 
cisterna  maana  for  measurement  of  intracranial  pres¬ 
sure  (ICP) .  Outflow  from  the  straight  sinus  was  col¬ 
lected  and  intermittently  measured  through  a  calibra¬ 
ted  reservoir,  and  then  was  reinfused.  Halothane  was 
discontinued,  60%  NjO  in  02  was  begun,  and  fentanyl 
5.0  racgAg  was  given  iv.  Baseline  data  were  obtained 
tained  as  follows:  Samples  of  systemic  arterial  and 
cerebral  venous  blood  were  used  for  determining  lev¬ 
els  of  TxB2  by  radioimunoassay.  Mean  arterial  pres¬ 
sure  (MAP),  cardiac  output,  heart  rate,  pulmonary  ar¬ 
tery  occlusion  pressure,  ICP,  and  hemoglobin  (Hgb) 
were  also  recorded.  Shock  was  then  produced  by 
rapidly  removing  blood  from  the  ft.-voral  artery  cath¬ 
eter  until  an  MAP  of  50  «nHg  was  reached.  That  level 
was  maintained  for  30  minutes  by  withdrawing  or  rein- 
fusing  blood  as  needed.  Sufficient  LRS  was  then 
given  iv  to  restore  systolic  blood  pressure  (BP)  to 
control  values.  Measurements  were  repeated  at  4  in¬ 
tervals:  as  soon  as  MAP  reached  50  nmHg  (early  shock- 
ES) ,  at  the  end  of  the  shock  period  (late  shock-LS) , 
immediately  after  BP  had  been  restored  (early  resus- 
citation-ER) ,  and  2  hours  later  (late  resuscitation- 
LR) .  Cerebral  oxygen  availability  (COjA)  was  calcu¬ 
lated  as  CBF  x  arterial  oxygen  content.  Data  were 
analyzed  using  analysis  of  variance  of  repeated  mea¬ 
sures.  Individual  differences  were  confirmed  using  t 
testing  (significance  »  p<0.05) . 

Results:  Cerebral  venous  TxB2,  CBF,  Hgb,  and 
COjA  all  changed  significantly  over  uie  course  of  the 
study,  as  can  be  3een  in  the  Table.  TxB.,  increased 
slightly  during  shock,  then  increased  markedly  at  LR. 


CBF  decreased  slightly  during  shock,  increased  im¬ 
mediately  after  resuscitation,  and  then,  despite  the 
reduced  post-resuscitation  Hgb  concentration,  de¬ 
creased  to  below  baseline  levels.  CO.A  levels  also 
increased  immediately  after  resuscitation,  then  had 
significantly  declined  by  LR. 

Discussion:  In  these  anesthetized  dogs  sub¬ 
jected  to  hemorrhagic  shock  and  then  resuscitated 
with  LRS,  there  was  nc  increase  in  the  metabolic 
end-product  of  TxA2  u/iti  l  LR.  During  that  same 
interval,  CBF  had  declined  to  levels  below  baseline 
despite  a  concomitant  reduction  in  Hgb.  These  data 
suggest  that  the  previously  reported  failure  of  CBF 
to  increase  m  response  to  decreased  Hgb  following 
resuscitation  from  hemorrhagic  shock  (1)  may  be 
-elated  to  release  of  TxA2  from  cell  membranes.  Both 
tne  decrease  in  CBF  and  the  increase  in  cerebral 
venous  TxB2  were  less  prominent  than  those  reported 
following  GCI  (3).  The  less  profound  CNS  insult 
produced  by  hemorrhagic  shock  in  comparison  to  GCI 
may  result  in  release  of  less  TxA2  and  therefore  a 
less  marked  decrease  in  CBF. 
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TABLE  (Means+SE) 


B 

ES 

LS 

ER 

LR 

TxB_ 

(pg/nl) 

430* 

111 

463* 

107 

593+ 

181 

513+ 

144 

13731. 

434 

CBF 

(mi*min  > 

22.8  + 
5.2 

15.2* 

1.2 

15.  01 
1.9 

40.7+ 
6.9  T 

17.1+ 

1.9 

Hgb 

(g'dl  x) 

13.3+ 

0.9 

12.5+ 

0.9 

11.4+ 

1.2 

9.4i 
1.0  + 

10.0+ 

0.9 

C02A  -1 
(ml+min  ) 

4.4± 

1.3 

2.6+ 

0.2 

2.4+ 

0.4 

5.21 

0.8 

2-4±s 
0.4  s 

* 

^,p<0.05  compared  to  B,  ES,  and  ER 
+p<0.05  vs.  all  other  intervals 
+p<0.05  compared  to  B 
p<0.05  compared  to  ER 


Volume  15,  No.  4 


ABSTRACTS  OF  PAPERS 


INTRACRANIAL  PRESSURE  FOLLOWING  RESUSCITATION  FROM 
HEMORRHAGIC  SHOCK 

John  H.  Whitley,  Donald  S.  Prough,  Michael  A. 
Olympic,  Patricia  H.  Petrozza,  Department  of  Anes¬ 
thesia,  Wake  Forest  University  Medical  Center,  300 
S.  Hawthorne  Rd.,  Winston-Salem,  North  Carolina 
27103 

Purpose:  We  tested  the  hypothesis  that  a 

combination  hypertonic/hyperoncotic  fluid,  used  for 
resuscitation  from  hemorrhagic  shock,  would  maintain 
a  louer  intracranial  pressure  (ICP). 

Methods:  In  anesthetized  dogs,  we  measured 

cerebral  blood  flow  (CBF),  mean  arterial  pressure 
(MAP),  and  cardiac  output  (CO).  Dogs  were 
hemorrhaged  to  an  HAP  of  40  naHg  for  30  minutes, 
then  resuscitated  using  one  of  four  fluids:  (1)  0.92 
NaCl  32  ml/kg  (NS  group),  (2)  7.22  Hypertonic  NaCL  4 
ml/kg  (HS  group),  (3)  202  Hetastarch  in  NS,  4  ml/kg, 
(H  group)  or  (4)  202  H  in  HS,  (HHS  group),  4  ml/kg. 
Data  were  compared  at  B  (baseline),  S,  (immediately 
after  lowering  MAP  to  40  mrajig),  (30  minutes  after 
Sj),  Rj  ( immediately  after  resuscitation),  and  R£ 
(one  hour  following  Rj),  using  analysis  of  variance 
of  repeated  measures,  p<0.05  considered  significant. 

Results:  ICP  decreased  in  all  groups  during 

shock  and  increased  following  resuscitation  in  the 
NS  group  (Fig.).  At  R,,  ICP  was  signif icantly  lower 
in  the  HHS  and  HS  groups.  MAP,  CO,  and  CBF  were 
similarly  restored  by  all  fluids. 

Conclusions:  The  HHS  resuscitation  fluid 

produces  litde  increase  in  ICP.  These  data  extend 
previous  observations  regarding  hypertonic  fluid1; 
the  HHS  combination  may  be  useful  for  shock  therapy 
if  intracranial  compliance  is  diminished. 
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Introduction:  If  intracranial  hypertension 

occurs  in  combination  vith  hemorrhagic  shock,  the 
choice  of  resuscitation  fluids  may  strongly 
influence  the  extent  of  neurologic  injury.  In 
dogs,  the  infusion  of  hypertonic  saline  (nSS)  or 
hydroxyethylstarch  (HES)  produces  lower 
intracranial  pressure  (ICP)  than  resuscitation  with 
Isotonic  crystalloid  solutions  (1,2).  Although  RSS 
reduces  ICP  to  a  greater  extent  than  HES,  the 
hemodynamic  improvement  following  HES  is  more 
sustained  than  that  following  HSS.  Recent  studies 
of  hemorrhagic  shock  have  combined  hypertonic  and 
hyperoncotic  fluid  to  achieve  more  sustained 
systemic  hemodynamic  Improvement  while  preserving 
the  advantages  of  a  lower  infusion  volusie  (3).  The 
cerebrovascular  effects  of  such  ■  combination  have 
not  been  reported.  In  anesthetized  dogs  with  a 
subdural  mass  lesion,  vs  Induced  hemorrhagic  shock 
and  compared  the  effects  of  resuscitation  with  a 
hypertonic,  a  hyperoncotic,  an  Isotonic,  or  a 
combined  hypertonlc-hyperoncotic  fluid  on  ICP  and 
cerebral  blood  flow  (cBP). 

Methods:  24  mongrel  dogs  (IB-24  kg)  were 
anesthetized  with  thiopental  20  mg/kg.  paralyzed 
with  vecuronium  0.2  mg/kg,  and  endotracheally 
intubated.  We  maintained  anesthesia  with  nitrous 
ozida  60X  and  halothane  0.51  in  oxygen  and 
ventilated  to  maintain  normocarbia.  A  pulmonary 
artary,  a  cisterns  magna,  and  two  femoral  arterial 
catheters  were  placed.  CBP  was  measured  using  t 
sagittal  sinus  cannula.  Through  a  left  craniotomy, 
a  aubdural  balloon  was  placed.  While  ICP  was 
uintalnad  at  20  nsoHg  by  balloon  inflation,  the 
animal  was  rapidly  hemorrhaged  to  reduce  mean 
arterial  pressure  IMAP)  to  50  maHg  where  It  was 
stalntained  for  30  min.  Resuscitation  was  then 

ferformeb  by  rapid  infusion  (five  min)  of  one  of 
our  randomly  selected  resuscitation  fluids:  1. 
NaCl  0.81  -  54  ml/kg  (fcCJ  group),  2.  HES  201  in 
NaCl  0.8X  -  6.0  ml/kg  (KEF) ,  3.  NaCl  7.21  -  6.0 
■1/kg  (*SS),  4.  HES  201  in  NaCl  7.21  -  6.0  ml/kg 
(HXS/KSS).  As  fluid  infusion  began,  ICP  was 

permitted  to  vary  without  further  manipulation. 
Data  were  collected  at  baseline,  after  balloon 
Inflation,  at  the  beginnlning  of  the  shock  intarval 
(X)).  at  the  end  of  the  shock  interval  (>30), 
lamed  lately  following  the  flve-min  fluid  Infusion 
(>35),  and  at  thirty  minute  intervals  thereafter. 
We  compared  ICP  and  CBF  using  ANOVA  of  repeated 
measures  (p<0.05  considered  significant)  and 
collected  descriptive  data  for  MAP,  cardiac  output, 
arterial  blood  gaaex,  heart  rata,  and  hemoglobin. 

Results:  During  the  shock  Interval,  ICP  was 
azpaTtSJTitally  maintained  at  20  mmBg.  Following 
fluid  infusion,  ICP  incraased  in  all  groupa 
(Fig. 1 ) .  The  most  significant  Increase  occurred  In 
the  NaCl  group  (p<0.1)01  in  coa^arison  to  all  other 
groups).  CBF  decreased  in  all  groups  during  .  shock 
plus  intracranial  hypertension  (Fig. 2),  than 
recovered  partially  at  >35,  only  to  decline 
steadily  afterwards.  The  descriptive  variables 
demonstrated  aevaral  trends,  the  most  important 
being  MAP,  which  was  better  from  >65  through  >125 
In  the  HES  end  HXS/HS5  groups. 

Discussion:  Following  thle  tevara  insult, 

timllkr R  a  clinical  head  Injury  combined  with 
hemorrhagic  shock,  a  combination 

hypertonic/  hyperoncotic  resuscitation  fluid 
(HjtS/HSS)  or  a  hyperoncotic  fluid  (MS)  produced  a 
more  sustained  improvement  in  systemic 
hemodynamics  than  NaCl  (136  mZq/L)  or  ES.  NaCL 
produced  a  rapid  increase  in  ICP,  while  BBS 


produced  only  a  transient  improvement  in  systemic 
hemodynamics.  If  these  data  are  extrapolated  to 
human  trauma  victims  in  whom  head  injury  is  combined 
with  hemorrhagic  shock,  a  hyparoncotic/hypertonic  or 
a  hyperoncotic  solution  may  be  preferable  for  acute 
resuscitation. 
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Introduction 


We  have  previously  shown,  in  a  hemorrhagic  shock  intracranial  mass  model, 
that  isotonic  crystalloid  results  in  a  greater  and  more  rapid  increase  in  I  CP 
immediately  following  resuscitation  than  hypertonic  crystalloid,  colloid  or  a  com¬ 
bination  of  crystalloid  and  colloid  (Whitley  1 9S8).  This  rapid  increase  in  ICP  may 
exacerbate  the  neurological  sequelae  of  the  shock  episode  by  decreasing  C'BF 
following  resuscitation.  While  the  effects  of  resuscitation  on  ICP  have  been  exten¬ 
sively  studied,  they  have  dealt  only  with  the  effects  of  a  single  resuscitation  fluid 
bolus,  unlike  the  clinical  protocol  where  systemic  hemodynamics  arc  maintained. 
T  he  present  study  compared  the  cerebrovascular  effects  of  resuscitation  with 
isotonic  and  hypertonic  crystalloid,  each  with  and  without  colloid  (10%  Pcnta- 
stareh).  while  maintaining  cardiac  output  above  baseline  levels  in  a  hemorrhagic 
shock  -  intracranial  mass  model. 


Methods 


Twenty-four  dogs  were  anesthetized  with  thiopental,  intubated,  and  ventilated. 
Cardiac  output  (CO)  was  recorded  using  a  Noninvasive  Continuous  Cardiac 
Output  Monitor  (NCCOM-3).  Cerebral  blood  flow  (CBF)  was  measured  using 
the  cerebral  venous  outflow  technique  (Rapela  and  Green  1964).  A  18G  catheter 
inserted  into  the  cisternu  magna  provided  continuous  intracranial  pressure  (ICP) 
monitoring.  ICP  was  increased  to  !5mmHg  before  shock,  by  inflation  of  a 
subdural  balloon  overlying  the  left  cortex,  and  maintained  throughout  the 
30  minute  shock  period  (MAP  =  50  mm  Hg.  CPP  =  35  mm  Hg).  Animals  received 
one  of  four  fluid  groups  for  resuscitation:  Group  I:  isotonic  saline  (40  ml  kg); 
Group  II  hypertonic  saline  (20  ml/kg.  250  mEq/L  Na  * );  Group  IP:  isotonic  sa¬ 
line  (20  mf  kg)  with  10%  Pentastarch:  Group  IIP;  hypertonic  saline  (20  ml  kg) 
with  10%  Pentastarch.  Additional  fluid  was  infused  as  needed  to  maintain  CO  at 
or  above  baseline.  Data  were  compared  at:  baseline  (BL).  elevation  of  ICP  to 
1 5  mm  Fig  (Bl).  early  (10)  and  late  shock  '.T30).  following  fluid  resuscitation 
(T35).  and  at  30  minute  intervals  for  two  hours. 
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Fig.  1  A -I).  Cerebrovascular 
and  systemic  hemodynamics  fol¬ 
lowing  resuscitation  from  hem¬ 
orrhagic  shock  in  the  presence 
of  a  intracranial  mass  with  iso¬ 
tonic  (1)  and  hypertonic  (II) 
crystalloid  alone  or  in  combina¬ 
tion  with  10%  Pcntt starch  (IP. 
IIP) 
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Results 


Intracranial  Pressure 

ICP  (Fig.  1  A),  was  increased  to  15  mm  He  by  balloon  inflation  (BI)  and  main¬ 
tained  throughout  shock  (T0-T30).  ICP  increased  rapidly  with  the  initiation  of 
fluid  resuscitation  (T35)  in  all  groups.  Further  increases  in  ICP  occurred  as  a 
result  of  supplemental  fluid  infusion  (T65  -  T1 55).  No  differences  between  groups 
were  detected 


Cerebral  Blood  Flow 

Induction  of  hemorrhage  resulted  in  significant  reductions  in  CBF  from  BL  in  all 
groups  (Fig  1  B.  /><0.00l).  Following  resuscitation.  CBF  declined  steadily  in  all 
groups  over  time 

Mean  Arterial  Pressure 

During  shock  (TO  T30).  MAP  was  decreased  to  50  mm  Hg  and  maintained  for 
30  minutes  (Fig.  I  C).  Following  fluid  resuscitation.  MAP  increased  and  then 
stabilized  for  the  remainder  of  the  experimental  period 

Cardan  Output 

CO  was  maintained  following  resuscitation  by  supplemental  fluid  infusion 
(Fig  1  D)  Animals  resuscitated  with  crystalloid  required  a  greater  fluid  volume 
initiated  at  an  earlier  time  as  compared  to  animals  receiving  crystalloid  plus 
colloid 


Discussion 

The  deleterious  effect  of  increased  ICP  is  its  effect  on  CBF  We  have  shown  that 
isotonic  and  hypertonic  crystalloid  solutions  alone  or  in  combination  with  colloid 
rapidly  increased  ICP  during  the  immediate  post-resuscitation  period.  Supple¬ 
mental  fluid  infusion,  necessary  to  maintain  CO.  markedly  increased  ICP.  As  a 
result.  CBF  declined  steadily  over  time  These  results  suggest  that  fluid  resusci¬ 
tation  following  hemorrhage  in  the  presence  of  an  intracranial  mass  may  exacer¬ 
bate  the  neurological  sequelae  of  the  shock  episode. 
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RESUSCITATION  FROM  HEMORRHAGIC  SHOCK  IN 
ASSOCIATION  WITH  AN  INTRACRANIAL  MASS: 
EFFECTS  OF  A  CLINICALLY  MODELLED 
PROTOCOL  ON  INTRACRANIAL  PRESSURE 

John  M.  Whitley,  Donald  S.  Prough, 

Dwight  D.  Deal,  Amelia  K.  Lamb,  Douglas 
S.  DeWitt.  Departments  of  Anesthesia 
and  Neurology,  Bowman  Cray  School  of 
Medicine,  300  S.  Hawthorne  Rd., 
Winston-Salem,  N.C.  27103 

Purpose:  To  simulate  two  key 
aspects  of  multiple  trauma  associated 
with  head  injury:  1.  an  expanding 
intracranial  mass  lesion,  and  2. 
ongoing  fluid  resuscitation. 

Methods:  In  24  mongrel  dogs, 
anesthetized  with  thiopental  and 
halothane  and  mechanically  ventilated, 
an  intracranial  balloon  was  inflated  to 
maintain  an  intracranial  pressure  (1CP) 
of  15  mmHg  during  hemorrhagic  shock 
(moan  arterial  pressure  ■  50  mmHg  for 
30  minutes).  In  random  order,  animals 
were  resuscitated  with  balanced  salt 
solution  (BSS-Na  130  mEq/L),  hypertonic 
solution  (HSS-260mEq/L) ,  BSS  plus 
hetastarch  (BSS/HES),  or  HSS/HES  at'  a 
rate  sufficient  to  maintain  stable 
systemic  hemodynamic  values  after 
resuscitation. 

Results:  All  fluids  produced  a 
significant  (p<0.05).  progressive  rise 
in  ICP  that  continued  throughout  the 
experimental  period.  Cerebral  blood 
flow  deteriorated  as  ICP  increased. 

Discussion:  Following  hemorrhagic 
shock,  the  rate  of  ongoing  fluid 
infusion  determines  the  rise  of  ICP.  In 
this  study,  HSS  (520  mOsm/L)  failed  to 
reduce  ICP  as  a  more  hypertonic 
solution  (2400  roOsm/L)  had  in  previous 
studies. 
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CEFEBRCWASCULAR  AND  CEREHOETABOLIC 
EFFECTS  OF  INTRACAROTID  INFUSED 
FIATELET-ACTTVATING  FACTOR  IN  RATS 

Patrick  M.  Kochanek,  Edwin  M.  Nemoto, 
John  A.  Melick,  Rhohert  W.  Evans,  and 
David  F.  Burke.  Depts  of 
Anesthesiology /Critical  Care  Medicine 
and  Pediatrics,  Univ  of  Pittsburgh, 
Pittsburgh,  PA  15213 

Platelet-activating  factor  (PAF) 
has  been  implicated  in  the  pathogenesis 
of  ischemic  brain  injury  and  endotoxic 
shock  (1,2),  but  its  effects  on  normal 
cerebral  blood  flow  (CHF)  and 
metabolism  have  not  bear  described. 

To  test  the  hypothesis  that  PAF 
alters  CBF  and  metabolism,  CHF 
(hydrogen  clearance)  and  cerebral 
metabolic  rate  for  oxygen  (CMR02)  were 
measured  in  2  groups  of  Wistar  rats. 
Hexadecyl-PAF  infused  into  the  right 
carotid  artery  (70  pmol/min,  n=10)  for 
1  h  decreased  mean  arterial  pressure 
from  122  +  4  (x  +  SEM)  to  77  +  6  rrm  Hg 
and  CBF  frem  159  +  12  to  116  +  14 
ml/lOOg/min  (p  <  0.002).  In  contrast, 
CMR02  increased  fran  9.7  +  0.9 
ml/lOOg/min  to  11.5  +  1.4  ml/lOOg/min 
(p  <  0.05),  In  ocntrols  (n=7)  rendered 
similarly  hypotensive  by  blood 
withdrawal  and  infused  with  the  PAF 
vehicle,  CBF  was  143  +  22  and  137  +  21  ; 
ml/lOOg/min  and  CMR02  9.3  +  1.6  and  9.6- 
+2.1  ml/lOOg/mln  at  baseline  and  after 
1  hr  respectively  (p  =  NS  for  both). 

The  effects  of  PAF  on  CBF  and 
CMRD2  mimic  those  observed  during 
postischemic  reperfusion  and  endotoxin 
infusion.  PAF  may  contribute  to  the 
hypoperfusion  and  hypermetabolism  seen 
in  the  brain  after  ischemia  and  during 
septic  shock. 

1.  Doebber  TW,  Wu  MS,  Robbins  JC,  et 
ad:  Platelet -activating  factor 
involvement  in  endotoxin-induced 
hypotension  in  rats.  Studies  with  PAF- 
retxptor  antagonist  kadsurenone. 

Biochem  Bicphys  Res  Conn  1985;  127:799 

2.  Kochanek  FM,  Dutka  AJ,  Krmaroo  KK, 
et  al:  Platelet-activating  factor 
receptor  blockade  enhances  recovery 
after  multifocal  brain  ischemia.  Life 
Sci  1987;  41:2639 
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SHOCK  PLUS  INTRACRANIAL  HYPERTENSION 
INCREASES  CEREBRAL  THROMBOXANE  RELEASE 

Daniel  L.  Kong,  John  M.  Whitley,  Donald 
S.  Prough,  Douglas  S.  DeWitt.  Depts.  of 
Anesthesia  and  Neurology,  Bowman  Gray 
School  of  Medicine,  300  S.  Hawthorne 
Rd.,  Winston-Salem,  N.C.  27103 

Purpose:  To  determine  if  incomplete 
cerebral  ischemia  produced  by  shock  and 
increased  intracranial  pressure  (ICP) 
increases  brain  production  of  the 
cerebral  vasoconstrictor,  thromboxane 
A2  (TxA2). 

Methods:  39  dogs  (group  1,  control, 
n=23,  and  group  2,  0=16),  anesthetized 
with  pentobarbital  and  halothane  and 
mechanically  ventilated,  underwent 
hemorrhagic  shock  to  a  mean  arterial 
pressure  (MAP)  of  50  mmHg  for  30  min, 
after  which  they  were  given  non-blood 
fluid.  During  shock,  group  2  had  an 
intracranial  balloon  inflated  to 
maintain  ICP  at  20  mmHg.  Arterial  and 
cerebral  venous  levels  of  TxB2,  the 
stable  metabolite  of  TxA2,  were 
measured  at  intervals  before,  during, 
and  after  shock. 

Results:  In  the  control  group,  both 

arterial  and  cerebral  venous  TxB2 
levels  remained  similar  to  baseline. 

In  contrast,  shock  plus  increased  ICP 
produced  significantly  more  cerebral 
venous  TxB2  than  in  group  1  (p<0.05). 

Conclusions:  Shock  plus  increased 
ICP  stimulates  release  of  the  cerebral 
vasoconstrictor  TxA2,  a  mediator 
associated  with  ischemic  brain  injury. 
Related  biochemical  mechanisms  may 
potentiate  ischemic  injury  associated 
with  traumatic  intracranial  hematomas. 
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INCREASED  EEG  ACTIVITY  CORRELATES  WITH 
CLINICAL  SEDATION 

Robert  A.  Veselis,  Charles  W.  Long, 
Nitin  K.  Shah,  Robert  F.  Bedford. 
Memorial  Sloan-Kettering  Cancer  Center, 
1275  York  Ave.,  New  York,  NY  10021 

Currently  there  is  no  other  way  than 
EEG  to  assess  sedation  in  critically 
ill  patients  when  therapeutic  paralysis 
is  used.  This  study  was  done  to  ident¬ 
ify  power  spectral  EEG  parameters  that 
correlate  with  loss  of  conciousness 
during  a  slow  infusion  of  pentothal  or 
midazolam  for  anesthetic  induction. 

12  adult  patients  were  randomized  to 
receive  thiopental ( 50  mg/min)  or  midaz¬ 
olam^  mg/min).  Every  15  secs.,  subj¬ 
ects  were  asked  to  open  their  eyes  unt¬ 
il  unresponsive.  Using  bifronto-mastoid 
electrodes,  the  spectral  power  EEG  was 
recorded  for  later  analysis  by  an  un¬ 
modified  Tracor-Northern  NOMAD  EEG  pro¬ 
cessor  using  4  sec.  epochs.  Comparisons 
were  made  between  10  epochs  at  the  be¬ 
ginning  of  infusion  and  after  loss  of 
response  to  verbal  stimuli. 

All  patients  were  clinically  sedated 
at  loss  of  conciousness.  All  parameters 
were  significantly  (P<0.05)  different 
between  control  and  sedation  for  both 
pentothal  and  midazolam.  All  compari¬ 
sons  showed  increased  EEG  activity  dur¬ 
ing  the  period  of  sedation. 

Spectral  Median  Alpha  Ratio 

Edge(Hz)  freq(Hz)  (%pwr)  (oc+(3/6) 

Thiopental  (n-6) 

C  10.3+0.6  2. 2+0. 2  5. 7+0. 7  0.18+0.04 

S  17.8+0.2  8. 6+0. 5  21.7+1.5  4.68+0.79  / 
Midazolam  (n«6) 

C  9. 6+0. 6  2. 7+0. 2  5. 7+1.0  0.25+0.06 

S  17.7+0.2  9. 7+0. 4  24.4+1.4  3.10+0.35 
(C-control,  S-sedation,  mean+SEM) 

Time  from  start  until  sedation  was 
about  4  min.  for  both  groups. 

We  conclude  that  the  processed  EEG 
can  be  a  used  to  titrate  pentothal  or 
midazolam  sedation  to  a  desired  CNS 
effect,  avoiding  awareness  during 
paralysis  and  minimizing  adverse 
cardiovascular  effects.  The  consist¬ 
ently  increased  EEG  activity  with  both 
drugs  cannot  be  readily  explained,  and 
needs  further  investigation. 
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]„M-oduct ion.  Hypertonic  fluids  offer  potential 
J^jes  in  the  resuscitation  of  patients  with 
*V,rrhage  who  are  at  risk  for  Intracranial  hyper- 
J^iton.  Hypertonic  (7.21)  saline  effectively 
laleiies  resuscitation-induced  increases  in  intra- 
£f*ni*l  pressure  (^CP)  following  resuscitation  from 
fV^rrhsglc  shock.  We  studied  dogs  with  a  subdural 
.,i  (a  model  of  intracranial  hypertension)  to 
Jcsreine  the  effects  of  7.22  NaCl  on  regional 
c.^«bral  blood  flow  (rCBF)  following  resuscitation 
I  C*  hemorrhagic  shock. 

Ifethods.  Twelve  mongrel  dogs  (18-22  kg)  were 
^,thetired  with  thiopental  8  rag/kg  iv  and  halo- 
tbane  0.5-1.01  in  N-0  and  0-.  Following  Intubation, 
,j^y  were  maintained  at  a  FaCO^  between  34-45  mmHg , 
py  right  brachial  and  pulmonary  arteries  were 
jjnnulated  for  continuous  sionltoring  of  mean 
irtsrial  pressure  (MAP)  and  Intermittent  determina¬ 
tion  of  cardiac  output.  The  right  femoral  and  left 
trachlal  arteries  were  cannulated  and  used  as 
„f«rence  organs  for  t^CBF  measurements  using  radio¬ 
active  mlcrospheres.  All  animals  were  then 
^lsnectomlted.  Through  a  burr  hole  over  the  right 
cerebral  hemisphere,  the  dura  was  incised  and  the 
galloon  tip  of  a  7  Fr  catheter  inserted  to  simulate 
a  expanding  intracranial  mass.  Prior  to  hemor¬ 
rhage  ICP,  as  measured  from  the  clsterna  magna,  was 
alovly  increased  to  15  mHg  by  balloon  inflation  and 
*lntalned  at  that  level  throughout  the  shock 
Utsrval.  Blood  was  rapidly  removed  to  reduce  MAP 
to  50  ssaHg  (cerebral  perfusion  pressure  ■  35  mmHg) 
and  removed  or  added  to  maintain  that  MAP  for  30  min 
time  (T;0-T30).  Animals  ware  then  randomly  assigned 
to  resuscitation  with  equal  sodium  loads  consisting 
of  either  7.21  NaCl  (HS.  6  ml/kg)  or  0.8X  NaCl  (ISO, 
54  el/kg).  Once  resuscitation  began,  ICP  was 
permitted  to  vary  Independently.  rCBF  measurements 
m  brainstem  and  left  (LCH)  and  right  (RCH)  cerebral 
healtpheras  were  made  at  baseline  (B),  mid-shock 
),  immediately  following  resuscitation  (T,,). 
at  60-mln  Intervals  thereafter,  for  2  hours 
(T.,,  Tj5j).  Data  were  analysed  using  repeated 
ataiures1  analysis  of  variance  (P<0.05  considered 
significant) . 
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Jesuits.  ICP 
reauacitatlon  with 
(P  <0.001,  table  1) 


increased 
ISO  and 


markedly 

decreased 


following 
with  HS 


(F  <0.001,  table  1).  After  T,,,  ICP  decreased  in 
ISO  while  increasing  slightly  in  HS.  rCBF  differed 
markedly  between  groups  following  resuscitation 
(table  2).  Following  resuscitation  with  HS,  rCBF  in 
1431  (contralateral  to  the  mass)  increased  above 
kasellne;  in  contrast  following  ISO  resuscitation, 
tCBP  remained  at  shock  levels.  Although  rCBF  in  LCH 
decreased  in  both  groups  over  time,  HS  maintained 
tie  higher  blood  flows.  Neither  fluid  restored  rCBF 
ICHi  however,  rCBF  increased  In  the  HS  group  but 
***  Initially  unchanged  in  the  ISO  group  (figure). 

type  of  resuscitation  fluid  strongly  influenced 
Fe»t-resuscltatlon  rCBF  in  both  the  RCH  (P<0.01)  and 
(P<0.01).  Brainstem  CBF  increased  to  pre-shock 


levels  in  both  groups  with  resuscitation  but 
decreased  rapidly  over  time  with  no  differences 
between  groups  (table  2). 

Conclusions.  Hypertonic  saljt  solutions  reduce 
brain  water  by  osmotic  effects.  Previous  studies 
have  shown  that  hypertonic  saline,  in  contrast  to 
volumes  of  isotonic  salt  solutions  that  provide 
comparable  sodium  loads  and  similar  hemodynamic 
changes,  reduces  ICP  following  resuscitation  from 
hemorrhagic  shock.  These  data  demonstrate  that 
hypertonic  solutions  also  restore  or  improve  rCBF 
better  than  do  conventional  crystalloid  solutions 
when  rapid  hemodynamic  resuscitation  must  ,.  hi 
accomplished  in  the  presence  of  decreased  intra¬ 
cranial  compliance.  The  superior  effects  on  ICP 
appear  to  explain  this  advantage  of  hypertonic 
solutions,  a  finding  that  may  be  clinically 
important. 
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Table  1 


ICP  (nmBg) 


Fluid 

B 

Pre-Mass 

T15 

Mid-Shock 

T35  T95  T155 

Post -Resuscitation 

ISO 

1.92 
il  .84 

14.92 

10.73 

33.67  28.17 

17.24  15.90 

22.50 

1  9.88 

HS 

5.67 

i3.73 

15.83 

11 .68 

9.75  15.83 

15.58  111.57 

18.75 

113.77 

Post 

Table  2 

-Resuscitation  rCBF  (ml/lOOg/min;  mean  ±  SD) 

Region 

Fluid 

T35 

T 

‘95 

ri  55 

LCH 

ISO 

HS 

42  1  19 
67  t  35 

19  1  13 

32  1  24 

13  1  14 
33  1  22 

Bra  ins tea  ISO  62  i  19  37  1  27  23  1  5 


HS  67  t  23  33  1  19  39  i  19 


TIME 
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TITL£l  CT^HVS^(^USCITATI0N  Hm08KHACIC  SHOCr  W  DOGS  wm  HYPKRTOKIC  SALIKK-BYD80XYKTHYL 

AUTHORS:  J.M.  Whitley,  Ph.D.,  D.S.  Prough,  M.D.,  D.D.  Deal,  B.S.  A.K.  Lamb,  B.S.,  and  D.S.  DeWitt.  Ph.D. 

AFFILIATION:  Departments  of  Anesthesia  (Section  on  Critical  Care)  and  Neurology,  Wake  Forest  University 
Medical  Center,  Winston-Salem,  NC  27103 


Introduction.  Small  volumes  of  hypertonic  saline 
effectively  restore  cardiovascular  function  follow¬ 
ing  hemorrhage.  Likewise,  small  volumes  of  colloid 
effectively  expand  and  maintain  the  plasma  volume 
for  *  longer  interval  than  do  small  volumes  of 
uotonic  crystalloid  following  hemorrhage.  We 
compared  canine  systemic  hemodynamics  and  organ 
dfood  flow  following  conventional  large-volume 
resuscitation  with  isotonic  0.8T  saline  (ISO)  to 
jbiII  volume  resuscitation  with  hypertonic  (7.2Z) 
jaline  (HS),  a  concentrated  colloid  (20Z  hydroxy- 
ithyl  starch  [KES])  and  a  combination  fluid  of  20Z 
ggS  dissolved  in  HS. 

Methods.  Twenty-four  mongrel  dogs  (18-22  kg) 
,*re  anesthetized  with  thiopental  8  mg/kg  iv, 
mdotracheally  intubated,  then  maintained  using 
fcslothane  0.5Z  in  70Z  nitrous  oxide.  They  were 
«ntilated  to  a  PaCO^  between  35-45  medig.  The  right 
brachial  artery  and  pulmonary  artery  were  cannulated 
for  continuous  monitoring  of  moan  arterial  pressure 
(KAP)  and  cardiac  output  (CO).  The  right  femoral 
jnd  left  brachial  arteries  were  cannulated  and  used 
is  reference  organs  for  measurement  ^f  organ  blood 
flow,  using  radioactive  microspheres.  All  animals 
•ere  then  splenectooized .  Following  baseline  (B) 
eeasurements,  animals  underwent  a  30  minute  period 
of  hemorrhagic  shock,  designated  T(time)0-T30,  . at  a 
fixed  MAP  of  45  mm  Hg,  following  which  they  were 
randomly  assigned  to  one  of  four  intravenous  resus¬ 
citation  fluid  groups:  ISO  (54  ml/kg),  HS  (6 
si/ kg).  KES  (6  ml/kg),  or  KES/HS  (6  ml/kg).  Data 
•tra  collected  at  baseline,  mid-shock  (T15),  ira- 
eidlately  following  resuscitation  (T35)  and  at  60 
tin  intervals  for  2  hours  (T95,  T155). 

Results.  MAP  decreased  during  shock,  then 
lacreased  in  all  groups  following  resuscitation 
(Table  IA).  Resuscitation  failed  to  return  MAP  to 
pre-shock  levels.  HAP  continued  to  Increase  over 
lb*  first  60  min  following  resuscitation  in  the  HZS 
md  HES/K5  groups,  whereaa  it  remained  constant  in 
the  ISO  and  declined  In  the  HS  groups.  CO  increased 
rith  resuscitation  in  all  groupa,  exceeding  baseline 
la  the  ISO  and  HES/H5  groupa  (p<0.05  compared  to  HS 
«  HES.  One  hour  following  resuscitation  (T95),  CO 
**  significantly  Improved  in  either  of  the  two 
colloid-containing  groups  than  the  CO  at  T95  in  the 
B  group  (p<0.05).  Following  resuscitation,  ctrt- 
Wal  blood  flow,  myocardial  blood  flow,  and  renal 
Hood  flow  wera  statistically  similar  among  groups. 
Unal  blood  flow  (RBF)  Increased  with  resuscitation 
io  *11  groups  excapt  KES.  Over  two  hours  following 
ntuacltation,  RBF  decreased  in  all  groupa  to  the 
l«vels  present  during  shock.  Reperfuslon  of  hepatic 
tliaue  following  shock  demonstrated  e  significant 
Mrlation  among  rasuacltation  groupa  (p<0.05).  ISO 


resulted  in  marked  increases  in  hepatic  blood  flow 
(HBF)  which  exceeded  pre-shock  levels.  While 
HES/HS  immediately  increased  HBF  to  near  pre-shock 
levels,  HS  and  HES  did  not.  At  T153,  HBP  had 
decreased  in  all  groups,  with  HS  decreasing  to 
levels  present  during  shock. 

Conclusion.  These  results  demonstrate  that 
small  volume  resuscitation  with  HS  in  combination 
with  HES  is  comparable  to  large  volumes  of  isotonic 
saline,  and  is  superior  to  HS  or  HES  in  the  ability 
to  sustain  adequate  systemic  pressure  and  improve 
organ  blood  flow  following  rosuacitation  from 
hemorrhagic  shock.  Further  studies  are  necessary 
to  determine  if  the  combination  similarly  preserves 
or  improves  organ  function  following  severe  hemor¬ 
rhagic  shock. 
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Table 

1A  Mean 

Arterial 

Pressure  (means  1  SD) 

Fluid 

B 

T15 

T35 

T9  5 

T155 

Mid- 

Post- 

Resuscitation' 

Shock 

ISO 

118117 

4515 

86110 

871  6 

81117 

HS 

1131  9 

4819 

79110 

74127 

66134 

HKS 

109119 

4715 

781  9 

971  4 

81130 

HES/HS 

100115 

4316 

72116 

93117 

72118 

Table  IB  Cardiac  Output  (means  1  SD) 

Fluid 

B 

T1S 

T35 

T9  5 

T155 

ISO 

3.91  .5 

1.41.3 

4.911.0 

2.71  .6 

7.21  .8 

HS 

3.211.0 

1.21.1 

3.01  .6 

1.71  .3 

1.51  .3 

HKS 

3.91  .6 

1.71.2 

3.01  .4 

3.111.0 

2.611.2 

HES/HS 

4.411.0 

1.91.3 

4.71  .8 

3.511.5 

2.211.0 

Table  2  Hepatic  Blood  Flow  (nl/ain/lOOg) 


ISO 

HS 

HES 

HES/HS 

BL 

46.3 

36.5 

33.9 

33.3 

T15 

23.9 

14.7 

10.0 

17.8 

T35 

65.7 

28.7 

17.4 

34.8 

T9  5 

44.8 

15.9 

36.8 

30.6 

T135 

31.2 

12.0 

27.9 

26.9 

\54H 
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BACTERIAL  SEPSIS  ALTERS  PULNOKAPY  VASCJLAR  REACTIVITY  TO 
LW6619  IN  ISOLATED  PERFUSED  RAT  LUNTV.  M.  j.  Senna  id  kriu  Z , 
M.  D.  Pona>  A.  M.  Coro in,  aryj  R.  w.  CirTaonT  Wayne " SEit* 
UUvT  "sen.  of  had. ,  DutroLc,  MI  4>32U1 . 

Hale  ^ragne-Daulay  rate  (n*8-lC  per  group,  200-250  g) 
uet«  anesthetized  (30  mg/Kg  aodujn  pane  eta  rtu  La  1 ,  i.v.) 

and  bacterial  aepaia  was  initiated  by  cecal  ligation  and 
puncture.  Four  hours  after  cecal  lujuion,  bolue  injtc- 
tionfl  of  Che  tnrurlio'tAne  A?  mime,  U466l‘»  (5-2iX)  ng)  were 
matte  into  the  pulmonary  artery  of  lunga  Isolated  frero 
control  (no  surgery),  arwun  (surgery-no  cecal  ligation),  or 
septic  (cfcoal  ligation  peritonitis)  animale.  Lunqa  from 
septic  ncs  rvsd  \  decreased  slope  or  t r»  U46619  doe*- 
response  cucv*  corpared  to  trie  lung*  Cron  control  (30.4\» 
p<  .05)  or  srvtm  (27.3%,  p< - 05 >  animals.  v*et:dry  lung  weignt 
ratios  of  all  three  groups  were  not  significantly  dif¬ 
ferent.  t-unga  from  rats  precreated  vltn  lbuproten  (15 
nj/kg,  l.v,)  IP  mimitea  before  cecal  ligation  arid  {iertused 
in  vitro  four  hour*  after  toe  initiation  of  bacterial 
sepoie,  snowed  a  pressor  coupon**  to  U46619  that  was  not 
significantly  different  trwin  control.  It  is  concluded  that 
.%  decreased  vascular  responsiveness  to  a  TXA2  rairalc  is 
present  snorcly  after  the  induction  of  Bacterial  sepsis. 
Trua  altered  vascular  response  is  not  due  to  surgical 
trauna  or  tne  presence  of  pulcnor«ry  edenw .  Tne  decreased 
vascular  reactivity  appears  to  be  related  to  an  increased 
endogenous  release  of  cyclooxygenase  products. 
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NPC  205.  A  POT  i*NT  ADESOIISc.  ANTAGONIST .  IMPROVES 
FOLLOWING  HEMORRHAGIC  SHr*  -K  IN  RATS  Lawrence  do  CorovpV'' 
NOVA  Pharmaceutical  Cor;nr  at  ;or. .  Baltimore,  HD  21224 

It  la  postulated  that  elevated  circulating  adeno 

In  the  deterioration  In  cardlovasc.,|n* 
h*nnrrk«.(c  iVlOCk  (HS).  J  c  *  *r 
( 1 . 3 -dl -n- propyl • 8  - f  (* 

rul«tt«h 


levels  play  a  role 
function  and  death 

already  been  shown  chat  NPC  205 
hyilroxyphetiy t  >Hanthl ns  )  Improves  r ar*U ovaeevilar 

during  MS  In  rati.  The  ituily  herein  was,  therefore,  d*sU 
to  teir  the  effect*  of  NPC  205  on  survivability  fol loving 
Rats  (350>450g)  were  anesthetized  with  ketanlne  (75  B,\y 
Ip),  and  a  catheter  was  placed  in  the  left  carotid  artery  r 
aeasureaent  of  arterlil  blood  pressure  (aEP)  and  for  blo°r 
withdrawal  and  relnfuslon.  Prior  to  HS  animals 


w*r» 

®U*d 


administered  100  U  of  heparin  while  the  shed  blood  was 
with  200  U.  Blood  was  then  withdrawn  (2cc/t»ln)  until 
aBP  of  10  «oHg  was  achieved.  HS  was  maintained  for  60  j" 

which  tin  NPC  205  (10  or  30  rxg/Vg,  ty<)  or  the  vehicle 
per  group)  wen  administered  and  blood  was  tclnlused  ( jCc . 
■In).  Survival  6-h  post- re Infus ion  In  the  control  group 
30%.  as  compared  to  90%  In  the  10  og/kg  group  (p  <  .05)  ,nd 
50%  at  30  ag/Vg  NPC  205.  In  groups,  survival  decteaIed 
over  tlae  and  was  no  longer  slgr.ficantly  different  fr<>Q 
control  at  48-h  por  t  •  re  Inf  us  Ion .  In  conclusion,  r-,  NPC  205 

provided  a  draaatlc  loproveaent  In  survival  6-h  following  ns 
which  suggests  an  adenosine  antagonist  may  prove  to  be  , 
useful  therapeutic  agent  in  the  resuscitation  from  HS . 
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REGIONAL  CEREBRAL  8LOOO  FLOW  (rCRT)  ALLOWING  RESUSCITATION 
FROM  HEMORRHAGIC  SHOCK  WITH  INCREASED  INTRACRANIAL  PRESSURE 
(ICP) 

JM  Whitley,  Ph04  .OS^Prgugh,  HO... AK.U^l-BS ,J)D.  Deal,  JS , 

( SPQN  P  HiiTcVl  ns ) ,  'Department  of  AnnUhMll,  Wake  Forest 
Un'verUty  Medici)  Center,  Vlnston-$*Ifm.  NC  37103 

If  an  intracranl *1  mas*  1*  present,  fluid  resuscitation 
increases  ICP  Recent  data  has  shown  7  2*  NaCl  to  be  effec¬ 
tive  In  mlnlmlilng  Increases  In  ICP  and  Increasing  C9F 
following  resuscitation.  We  studied  the  effects  of"  7.2*  NaCt 
on  rCBF  following  resusc 1 tatlon  from  hemorrhagic  shock. 

Twelve  dogs  were  anesthet 1  led .  and  maintained  with  .halo- 
thane.  ICP  was  continuously  monitored.  rC0E  measurements  were 
madn  us*ng  radioactive  microspheres.  A  subdural  balloon  was 
placed  over  le*t  carte*  and  TCP  elevated  to  15  mmHg  and 
maintained  throughout  the  30  minute  shock  interval  Blood  was 
removed  to  reduce  mean  pressure  to  55  mmHg.  Animals  were  then 
assigned  to  one  of  two  fluid  groups:  7.3*  NaCl  (6  ml/kg)  or 
0  3*  NaCl  (5*  ml-'kg).  rCBF  measurements  on  brainstem  (BOB), 
left  and  right  cerebral  hemispheres  (ICH,  RCH)  were  made  at 
baseline,  mid-shock,  after  resuscl tatlon ,  and  at  hourly 
Intervals  for  ?  hours. 

rCBF  was  variable  between  groups.  rCBF  In  RCH  Increased 
with  resusc I  tat  1  on  above  baseline  with  HS  but  not  ISO.  C0F  In 
RCH  decreased  In  both  groups  over  time.  Neither  fluid 
restored  CBF  In  LCH  8BF  increased  to  baseline  in  both  groups 
with  resuscitation  but  decreased  rapidly  over  time 

These  data  demonstrate  that  7  A  saline  restores  or 
improves  rCBF  compared  to  conventional  crystalloid  solutions. 
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HYPERTONIC  SALINE  -  OEXTTLAN  RESUSCITATION  OP  MAJOR  BURNS. 

!  i .  On  A  .  M  t  r.s«i  v  soe  ,  G  .  C  .  K  r .imp  r  .  H.uunlbfr  :  UvpL  .  J  o I' 

Hljrar.  rhyiib'icxjy  irui  aurgory,  :JL  Juviu,  LA  "v'iG  1  *> -  . 

Small  volume  mluaionr.  of  hyper  tor  i  -  a.slsnc  dextr.m  '.  Hsl 
hovo  e!  I  tCKUitly  ••xpundvd  vancular  voluir*-  ir.)  roduenu  ■  f  ;y  t  . 
rrqvu roment *  following  nemor rh.tgc .  M.j>or  uurru  ind.ucv 
(ua'iira  vxtravasJt ;on  in<!  hy px^vo l or. i a .  Thv  protiunt  ntuny 
p**rformotJ  to  dulwrmint1  thu  etlec*.  or  using  on  nuiu, 
infusion  o!  HSU  in  the  treatment  of  larac  cutaneous  curns. 

Haiothane-anesthetisud  adult  sheep  were  provided)  wjtr. 
intravascu  lar  catheters  for  nenodyname  non  i  tor  i  nq  . 
thickness  burn  injury  was  inflicted  or.  35-40%  of  tne;  oouy 
surface  area.  Sheep  remained  anesthetized  tnrouqhout  tri^ 
entire  experiment  until  sacriEizc.  To  mimic  a  clinical 
situation  fluid  therapv  was  withheld  until  I  h  por-thurn  anc 
was  then  started  with  o  2  mir.  infusion  of  4  nl/xg  of  eit.'H-: 
1.5%  NaCl  in  Uextran  70  b\  iHSP-croup,  n*b  >  or  normal  Jalir.^ 
(HC-qroup,  n»t>).  Later  iactated  Hingcr's  infusion  was  give-, 
as  needed  to  maintain  CO  at  90\  of  oaselir.H. 

At  oU  min  post  burn  MAH  was  reduced  from  1)1*15  tme.in*E:, 
to  74*2U  RvnHg  and  CO  was  reduced  from  tc 

l/trar  *•.  p(0.0i  vs.  preburn  i.  following  HSf“  f»lus  ftAP  “was 
1 11*12  mnHq  and  CO  increased  to  3. 3*0. 3  i/mm  whereas  MAP  wJ5 
V3-TV  imMq  and  CO  2.7*0,'  L/mir,  t  mm  after  N£  bolus  ip<0.L5 
vsT  HSU-groupl.  The  effect  of  HSD  ooius  only  lasted  30-tC 
min.  Additional  lactated  Sir.oer‘s  infusion  war.  ricedec 
sligntly  earlier  after  NS  solus  i20-7  v.s.  36*13  mm,  p*0.05.. 
Total  fluid  requirements  in  the  first  6  h  postburn  were  net 
reduced  by  the  initial  HSU  bolus  '.29902H7C  nl  vs.  274f>1225 
ml  in  the  N5-group,  n.s.J. 

Cone  fusions :  ima 11  volume  resuscitation  with  HSD  is  oniv 
trans  i  enl  iy  eTfective  for  volume  expansion  after  tnerm.il 
injury.  This  suqgests  that  HSU  resusc ;  t.^t  i  on  may  not 
effective  in  the  presence  of  a  large  capillary  leak. 

'.Supported  by  NATO  Collaborative  Research  Grant  0245/6(3 
and  Pacific  Firefighters  burns  Institute!. 
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PLASMA  VOLUME  AND  LYMPH  DYNAMICS  DURING  INFUSION  OF 
HYPERTONIC  SALINE  DEXTRAN  (HSD).  L  Hilvoncn.  PR  Perron  KD 

Vhynolofy  and  Suriery,  Univ.  of  Calif.,  Davij,  Ca  93616. 

HSD  caurei  rapid  restoration  of  cirdiovwcular  function  in  hypovolemic 
animats.  The  predommani  mechaniim  of  this  rapid  action  ii  controversial, 
having  been  attributed  to  rapid  ptuma  volume  expansion  (PVexp),  cardiac 
jtimulatioo,  and  venoui  capacitance  changes.  In  this  study  highly  concen¬ 
trated  25*  NaO/24!k)  dextrin  '0  «u  infused  into  euvolemic  sheep  (1 
ml/kg/10  min).  Rapid  blood  sampling  during  and  after  infusion  allowed 
estimation  of  PVexp  from  plasma  protein  IP).  Results  were  compared  to  3 
Evans  blue  measurements  of  PV.  PVexp  began  immediately  upon  infujlon 
and  was  90%  complete  by  the  end 
of  the  infusion.  Each  ml  of  HSD 
expanded  PV  6.4t2.2  ml  while 
blood  pressure  rose  1-15  mmHg. 
cardiac  output  increased  OS -1.3 
l/min  and  right  atrial  pressure 
increased  3-6  mmHg  Pre-femoral 
lymph  flow  increased  2- lx.  These 
data  tugiesi  that  the  predominant 
mechanism  of  action  of  HSD  is 
rapid  PVexp  caused  by  a  sudden 
shift  of  intracellular  fluid  into  the 
interatiilal  and  Inlravatcular  spaces 
in  response  to  the  Urge  osmotic 
forces 


rule  (tract*  of  «  Highly  Co«c*nt rat *d  Hypertonic  l* I in*/Cw*tr«n  fRSC) 
Infuilort  in  th«  iin«n*»ih*t nm  Mor*«,  Soxdau  U-  llixt.  Hxuau  L, 
JttiJO.  Univ.  Calif .  Sch.  V*t  .  MM..  OX  mil 


tnfuilnn  of  vartou*  NaCl r»n  Bolvtloni  b**n  ahrtwn  te  rapidly 

roatoro  cardlovatculor  function  during  h«<norrhagic  ahoca.  In  th*  proagi.t 
atudy.  ovaluatoo  th*  card l ovaacul a r  •(facta  of  a  highly  concentrator 
HaCl/JSS  doxtran  aolutlon  In  «  noriaal  awaV*  horaoa.  Tho  KSC  »ai  ad*i nl  at arfd 
at  1  "Ur  kg  IV  owor  a  10  «lnuta  por  tod.  Flaama  »ol%m-  wa  dOtonMnod  by  tvara 
bluo  dilution  bofora  infualon,  and  Z  and  JS  ailnutaa  after  adnvl  nl  at  rat  Ion  o( 
th*  MaCl-Doa  aolution.  Clotting  proflloa  voro  ataaaurod  botoro.  durlno  anrl 
aftor  infusion,  Tho  plaaou  woltM  Incroaaod  S.i  1  2.1  ->l/ig  I  no  an  t  SKM1  arvl 
S.O  t  2.1  aU'M  at  1  and  IS  ainutai  aftat  infualon.  raapocti voly.  Tho  «*»t 
roaulta  shown  for  hoarl  rata  (MXl,  carnttd  lAM  and  puinnnary  proaauroa  ffPt, 
and  piato,  hamatocrU  (MCTl  .  ha»oglobln  { MU )  ,  plasma  prntain  (Trot), 
oaonlailty  >0am,  sodium  <Nal,  and  potaaauan  (XI. 


FiriMliri  XtM 


i  I  oin.  S  »\n.  20  oip,  10  Mn. 

during  infusion  pcit-lnf uaion 


iff/oln.  II 

XT  wW*g  1SS 

re  srwaj  ;« 

MET  i  JS.7 

(rot.  g/dl  T.S 

>«  g/dl  12. S 

Opd  Moan/t.  2IS.2 

Na  >««al  /t  1 II .  ■* 

X  omoI/U  J.S 


»S  IS 

141  11’ 

1J  2* 

12. 1  21.4 

4.1 

12  U.l 

101  110.4 

II*  111.* 

1.7  1.0 


« 

14» 

2* 

r 

1.1 

to 

let) 

114 

1.1 


it 

1M 

SO 

74.7 

1.1 

1.1 
Ml.* 
141. S 

1.2 


14? 

» 

fl.l 

I.S 

M 

254.1 

147.1 
1.2 


Thara  «••  no  aaldanca  at  aithor  grnaa  h»">otyali  or  Ineraaaaa  in  plaaA*  Hb 
altar  infuilon,  *o  changaa  occurtod  In  lha  elnttlng  prn-fllaa.  Cencwnt  ra‘;od 
xsr  l« I ut  Inn  tpyioai *  to  b#  aalaly  adminutarod  tr  tS#  »*«ka  hor»*  In  a  dsao 
of  I  »l/kg  Indjca*  a  ripld  inrraiaa  in  yHt*«  aalvina  uppr  t»  l  m>  » I  y  10 
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EARLY  POST  BURN  LIPID  PEROXIDATION  (EFFECT  OF  I EUPROFEN  AND  ALLOPURINOL) . 

C.  LaLonrie*  and  R.  Domllng.  Longwpod  Area  Trauma  Center  at  Beth  Israel,  Bnc.-.nr 
.me  Loner's,  and  Children's  Hospitals,  Boston,  MA  01115. 

'We  seasured  plasma  lung  and  liver  lipid  pcrcxidat ion  in  anesthetited  sheer  a:- 
a  3 C'.  of  total  body  surface,  third  degree  burr..  Animals  were  resuscitated  tc 
baseline  filling  pressures  with  Lactated  Ringers  and  killed  10  hours  poet  burr. 

Six  sneep  were  pretreated  with  ibuprofen  'ID.img/kgi  and  five  with  allopurin:! 
(SOsc'kg) .  We  used  conjugated  dienes  and  malondialdchyde  as  measures  of  lip:: 
peroxidation.  Circulating  conjugated  dienes  increased  from  baseline  of  .iSc.:-  . 

. See. 05  after  burr.,  while  protein  rich  burr,  tissue  lymph  flow  increased  up  tc  c 
fold.  Uc  also  noted  a  significant  increase  in  lung  tissue  nalondial dehyde ,  MCA , 
from  -5t-  to  60t6nMel/g  and  liver  MDA  fror  HOcDO  tc-  D7!c3inMol/g  along  with 
increased  tissue  neutrophil  sequestration.  Ibuprofer.  attenuated  lung  tissue  MDA 
but  had  not  effect  on  lung  inflammation,  circulating  lipid  peroxides,  or  burr.  eder.. 
indicating  that  ibuprofen  most  likely  decreased  Oi  radical  release  in  lunc  tissue 
b'.  the  already  sequestered  neutrophils.  Allopur ipol ,  possibly  via  xanthine  cxico-, 
inhibition,  markedlv  attenuated  burn  QL ,  circulating  lipid  peroxides,  and  prevent 
all  pulmonary  lipid  peroxidation  and  inflampiat  ion.  Indicating  that  burn  tissue 
oxidant  release1  was  ir.  par;  responsible  for  local  burn  edema  as  well  as  distar.: 
inflammation  anc  oxidant  release,  the  latter  nest  likely  from  complement  active 
Neither  antioxidant  aecreased  the  liver  lipid  oeroxldat ion ,  indicating  that  its 
mechanist,  of  production  was  different  ire-  that  seen  ir.  burn  tissue,  plasma,  cr 
the  lung. 


:  j 

CRISi-LINKED  HEMOGLOBIN  SOLUTION  a?  A  RESUF IITA7IVE  FLU"  FOLLOWING  HENCR.R.HAGI 
THE  ;A.T  Diana  Malcolm,  Robert  Prrvoe arc  David  3umr*.  Uniformed  Strv;: 
University  cf  tne  health  sciences.  Betnesra.  KD  DISK,  Waiter  Reed  Army  Institute 
Researcr  ar.c  Walter  Reed  Army  Medical  Center,  Washington,  D.G.  DCjC7 

h.-an  cross- linger  nemoclcoir.  (HBXL>  stluttor.  war  used  tc  resuscitate  rati 
a  DC  ml  *q  deed  -roer  anestnes:a.  Ratf  ( Scraeue-Dawiey .  3DC-3dC  q!  were  c.- 
m.  go;  1  ml'tr.jn)  free  tn«  femoral  artery  and  reir.fusec  ( 1 . 5  ml /nir.  ■  Via  tne  ; . 
vei-  witr  s.ned  blood  I DD  ml'ke),  Pir.cer's  Lactate  (RL:  CD  m,.'gg)  cr  ICY  HBXL  11  = 
DC  -1  <q!.  Following  hemorrhage .  sea-  arter:  a.  pressure  ( MAF )  dropped  tc  iD’- 
:as«..-e  (  iOC^r  mm.Hq);  biood  and  been  HBXL  infusions  promptly  restored  MAF  t:  If 
of  baseline.  witnir.  15  m:r.,  MAF  returnee  to  caseline  m  the  Dlood  i.nfusec  rats,  c 
rema.red  at  IC5V  of  oaseline  ir.  tne  KrliL  treated  rats  for  at  least  6C  rtn.  hea 
rate  :Hr  wr.icr.  crccoed  tc  oCV  of  oaselire  (35001  BPK  I  war  returned  to  and  remai- 
at  caseltre  va.uer  with  both  HBXL  solutions  and  blood.  RL  infusion  restored  MAP  a 
HR,  however,  its  effects  were  transient  I  15  min'  after  w.nior,  MAF  and  HR  fell  tc  i 
nnc  "IN  cf  base.  tm-.  respectively.  Cutaneous  pCn  (Roche'  fell  to  less  t.nar  5' 
oase.tr.e  id0. 5^1.1  m.mhg )  fc. lowinc  tne  o.eec,  and  was  quickly  restorec  tc  cast., 
with  oof  blood  anc  HBXL.  RL  else  restored  pC-j  values  to  norma.,  however  £■■ 
lnf.strr  was  complete.  pGa  values  fell  tc  40V  of  baseline.  Interestingly,  II  * 
cf  HBML  was  as  effective  as  20  rr.l/kg  ir.  restoring  and  maintaining  Hemodynamic 
tissue  oxygenation.  These  findings  suggest  tnat  HBXL  is  a  useful  oiood  sucst: 
ir.  ac.te,  nor- let.-.a  1  nemorrnaae.  F’urtrermore,  HBXL  :s  as  effective  as  c.ot- 
lmprovmc  nemodynam .  cs  anc  tissue  perfusicn  at  naif  the  volume  of  Diood. 


rCBF  FOLLOWING  FLUID  RESUSCITATION  FROM  HEMORRHAGIC  SHOCK  WITH  ISOTONIC  OR  7.DS  NAG 
WITH  AND  WITHOUT  A  SUBDURAL  MASS.  J.  H,  WrrtleV,  D.S.  Prouph*,  D.  Deal*.  S.  Vine.-* 
and  C.  Taylor*.  (Spon:  G.  Da  jugal.  Wake  Forest  Umv.,  Winston-Saiem,  NC  C1C.1. 

Hypertonic  saline  successfully  restores  hemodynamics  with  severe  hemorrhage  . 
lowers  intracranial  preosure  (1CP).  The  lower  ICR  following  resuscitation  suggt- 
ar.  acvanteqe  in  terms  of  restoration  of  ctreDral  perfusion  and  improved  recic: 
cerecral  blood  flow  (rCDF).  The  purpose  o:  this  study  was  tc  compare  the  effects  . 
rCBF  following  resuscitation  from  hemorrr.age  with  isotonic  or  7 . 2\  NaCl  witr.  ar. 
without  an  intracranial  mass.  Experiments  were  carried  out  on  ventilated  dogs  divide 
into  two  groups:  Group  I  (n«12)  were  subjected  tc  30  minutes  of  hemorrhage  by  rap: 
removal  of  blood  (MAP  50-55  mnHg),  and  then  resuscitated  with  56  ml/kg  of  0.9V  NaG 
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tn*bK  or  b.O  mi/kg  ot'  ~ . - '<*  SaC.  r.-o).  Group  II  in-UM  aitimaij  were  propareo 
aU.tu2.ariy  witn  the  addition  ot  a  s-sdurai  ba..oc n  inserted  over  the  right  parietal 
ortex  and  inflated  to  increase  IC?  to  15  mmHc  prior  to  heinorrnage.  rCBF'  was  .T.easured 
j;nc  radioactive  microspneres  pettre,  d-rir.c  stock  and  following  resuscitation  for 
*o  hours.  Brains  were  sectioned  ;r.;:  i  r«?g:or.s  for  maiysis:  rigr.t  ( RC )  and  .eft 
1C)  cereoral  hemispneres  ar.a  or  a.  r.  stem  ( Sr ) .  Group  i  rCBF  va.-.es  rovea.ed  nc 
;ciruf  leant  differences  over  :  ire  oev-eer.  fluid  groups.  Group  II  rC9K  values  worv 
qm  t  leant  iy  aitferent  over  time  *itr.  "  ,Z\  S.iJl  promoiinq  nigner  olood  flows  m  KG 
{p-»0.04,  oy  T  test)  and  LC  <p*0.uo».  =K  values  revealed  no  difterences  between  rlu.i: 
jrcups.  Those  data  demonstrate:  tr.at  '  ,2'\  SaG.  .mproves  rC3F  hotter  mar.  isotonic 
crystalloid  when  a  juodurai  macs  is  present. 


•ff-CT  of  impaired  hepatic  m;'o;-;n:p’al  function  (hmp;  on  systemic  metabolism 

■'.LTIPLE  ORGAN  FAILURE  (HOF)  RATIEN"  an:  its  -reatment  with  ATP.VcCU.  .1 

.  -mrasawa,  T.  Suoai?  y.  Ohra*.?.  3.  Daa».  Shicar  Ape-ano  y.  Ohbawa  Department 
■:  Emergency  anc  c£m,  Chiba  'jnivers  •  tv  Scnoi’  or  Medicine.  Chiba,  Uaoan  330 

Previous  Study  from  Our  laOC'T.Sry  has  Shown  that  HMP  is  imea'red  anon?  MC* 
oatients.  The  present  study  was  .nce'-ta<er  t:  investigate  the  effect  of  inoairec 
iMf  or.  systemic  metaoolism  anc  tie  a'fect  of  ATR-.MgCl,  administration  or.  HMr  'an; 
svstemic  metabolism  in  MOT  pane".;.  In  33  MOf  oatienti  !A5  survivors  arc  RE  non- 
Survivorsl  indirect  calor'metry  „as  Of'formes  using  a  metabolic  computer  wh'Ie  they 
were  receiving  TPN,  Arterial  <e\:*e  oody  ratio  iakBB)  and  blcos  levels  of  retinol 
binding  srotem  and ! preilbumir  we'e  » 1  SC  measured .  Non.brotein  resoiratory  cubtient:1 
(ncRO!  and  energy  burned  as  fat  Vac  I  we'e  calculated  from  tne  data  of  indirect 
calorimetry.  Some  oatiercs  wit'  •moaireo  h.MF  received  intravenous  AT?-vcCl, 
administration  '3000  .mtle/kg)  o.'ing  TPN  and  the  same  parameters  we-e  studied: 
:oh-Survived  MOF  oatiencs  showee  'owe--  AKSf  comoareo  to  oostooe-ative  controls  a'o 
urvvec  MOf  patients,  'here  -ere  a  sign-ficant  positive  correlation  between  AKER 
no  rpRC,  ana  a  significant  negat'.e  carrel  a:  -  on  between  AKBB  and  Vat,  resoectv.e'y. 
-noicatino  that  impaired  -iMF  sydoressed  utilization  of  exogenous  glucose.  Sloca 
leve's  of  retinol  binding  brete'n  ana  orejlbumm  showed  significant  Positive 
correlations  to  AKBR.  ATR-MgC 1  i  ac“' n i s  trat  ion  increased  AKBR  ano  npRQ,  ana  decreased 
If  at.  These  results  indicate ‘that  'impaired  *MF  adversely  affects  systemic  energy 
metabolism  ana  protein  synthesis.  *ne  results  also  suggest  a  possible  role  of  ;TR- 
MgCl,  as  a  metabolic  modulator  ame'g  V0F  patients. 


!  IMPROVED  SURVIVAL  from  3EM0AMAGIC  S-'OCK  WITH  INOSITOL  AND  ATR-McCI, 
ADMINISTRATION.  M.U.  Shapirp  ,  M.  .'e'-lme<.  3.  Chandel,  C.  ~adros,  A.E.  3aue  .  St. 
_ouis  University  Tlidical  Center,  St.  couis.  Mff”  63110 

Phosphoinosi tides  are  structural  conoonents  of  inempranes  and  ho'nonal  receptor 
mediators.  Hypovolemic  shock  may  cause  thei"  loss  and  tnus  contribute  to  tne 
mortality  observed  wnen  nemorrhage  occurs.  In  addition,  in  hypovolemic  snock,  tne 
loss  of  AT3  and  the  decline  in  AT3  generating  caoacity  intensifies  suen  losses  since 
phosphoinositide  regeneration  is  dependent  upon  an  adeauats  supply  of  ATP.  Thus,  in 
order  to  examine  the  effect  of  A*?,  Inositol  and  ATP  *  Inositol  administration  on 
survival,  76  male  Spragus-Dawley  ri;s  were  anesthetized  with  1.25  volume  percent 
halothane.  With  additional  local  anesthesia,  the  right  femoral  srtery  was 
cannulated  for  continuous  blood  pressure  -ecording.  The  left  f-ynoril  artery  was 
•.annul ated  for  blood  withdrawal  and  infusion,  Tne  animals  were  awakened  in  a 
'estraming  cage.  By  withdrawing  olood,  AOmn  Hg  shock  was  maintained  fo'  .J5 
minutes.  Tne  blood  was  then  r»n fused  and  the  animals  received  either  placebo  Us 
ml/kg  0.9S  N.S.l.  ATP-MgCl ?  (?’  .moles/kg/hrl,  Inositol  l ?7  jmo)es/kg/hr| ,  or  ATP- 
ilgCly  *  Inositol  infused  over  one  nou',  tne  cannulao  were  then  removed,  and  31  nour 
survival  recorded.  Fifteen  of  35  U3N)  control  animals  survived,  whereas  7  of  10 
(70S)  treated  with  ATP-MgCl?  survived  ,p  >  0.1).  Twelve  of  15  ( SOS )  treated  with 
Inos i tol •  survi ved  (p  <  .321,  whereas  13  of  16  (All)  of  the  ATP-MgClv  *  .nosltbl 
group  survived  (p  <_  .ITl).  The  use  of  Inositol  and  ATP-MgCl^  appear  to  be  useful 
agents  In  improving  survival  from  hemorrhagic  hypovolemic  shock. 


Lo 


UNPUBLISHED  ABSTRACTS 


Whitley  JM,  Olympio  MA,  Prough  DS.  Hypertonic/Hyperoncotic  Fluid  Resuscitation 
Following  Hemorrhagic  Shock:  Comparison  of  Fluids. 

Whitley  JM,  Prough  DS.  Effects  of  Fluid  Resuscitation  From  Hemorrhagic  Shock 
on  Cerebral  Hemodynamics  in  the  Presence  of  an  Intracranial  Mass. 

Whitley  JM,  Prough  DS,  Deal  DD,  Lamb  AK.  Effects  on  Intracranial  Pressure  in 
a  Clinically  Derived  Fluid  Resuscitation  Protocol  Following  Hemorrhagic  Shock  with 
an  Accompanying  Intracranial  Mass. 


<j>l 


ABSTRACT  FORM 


1987  Symposium  on  Hypertonic  Resuscitation 

sal:  ii 

June  3  to  5,  Monterey,  California 

Directions:  Please  type  entire  abstract  in  the  box  below.  Use  all  capital  letters  for  the 
title,  then  list  all  authors  with  the  presenter's  name  first  and  then  the  institution.  Skip 
a  line  before  the  body  of  the  abstract.  The  abstract  will  be  photocopied  for  the 
program.  Tables  and  figures  may  be  used. 

Mail  to  arrive  by  May  7  to:  George  C.  Kramer,  Ph.D. 

Dept  of  Human  Physiology 
University  of  California  at  Davis 
Davis,  CA  95616 


HYPERTONIC/HYPERONCOTIC  FLUID  RESUSCITATION  FOLLOWING  HEMORRHAGIC  SHOCK:  COMPARISON 
OF  FLUIDS  ; 

John  M.  Whitley,  PhD,  Michael  A.  Olympic,  MD,  Donald  S.  Prough,  MD 

Department  of  Anesthesia,  Bowman  Gray  School  of  Medicine  of  Wake  Forest  University, 
Winston-Salem,  North  Carolina  27103 

The  effects  of  four  resuscitation  fluids  on  systemic  and  cerebral  hemodynamics 
were  studied  in  a  canine  hemorrhagic  shock  preparation.  In.  anesthetized  animals, 
cerebral  blood  flow  (CBF),  mean  arterial  pressure  (MAP),  and  intracranial  pressure 
(ICP)  were  collected  and  compared.  CBF  was  measured  using  a  cerebral  venous  outflow 
preparation  which  involved  cannulation  of  the  sagittal  sinus  and  by  the  Xenon  133 
clearance  method.  Dogs  were  hemorrhaged  to  a  MAP  of  40  mmHg  for  30  minutes,  then 
resuscitated  with  one  of  four  fluid  groups:  (l)  0.92  NaCl  (NS  32  ml/kg),  (2)  7.2% 
NaCl  (HS  4  ml/kg),  (3)  20%  hetastarch  (H  4  ml/kg)  or  (4)  20%  hetastarch  dissolved  in 
(  7.2/5  NaCl  (HHS  4  ml/kg).  Data  were  analyzed  at  B  (baseline),  SI  (immediately  after 

lowering  MAP  to  40  mmHg),  S2  (30  minutes  following  SI),  R1  (immediately  after 
resuscitation),  and  R2  (one  hour  after  resuscitation),  using  analysis  of  variance  of 
repeated  measures  with  p  values  <  0.05  considered  significant. 

Results:  CBF  declined  in  all  fluid  groups  during  shock.  Following  resuscita¬ 
tion,  CBF  increased  and  exceeded  baseline  in  the  NS,  HS  and  HHS  fluid  groups.  By 
R2,  CBF  had  declined  to  near  shock  values  in  all  groups.  There  were  no  differences 
.  in  CBF  between  groups  at  R2.  MAP  declined  during  shock  and  was  maintained  at  40 

'  mmHg.  Following  resuscitation,  MAP  increased  in  all  groups  with  NS  producing  the 

highest  MAP.  By  R2,  MAP  had  declined  in  the  NS  and  H  groups  and  increased  in  the 
;  HHS  group  as  compared  to  Rl.  MAP  in  the  HS  group  did  not  change.  ICP  also  declined 

i  during  shock  and  increased  following  resuscitation  in  all  groups  with  values  exceed- 

«  ing  baseline  in  the  NS  group.  At  R2,  ICP  was  significantly  lower  in  the  HHS  and  HS 

groups  as  compared  to  NS  and  H  fluid  groups  (p  <  0.05). 

Conclusion:  These  results  indicate  that  differences  in  ICP  were  present 

between  fluid  groups  following  resuscitation  from  hemorrhagic  shock.  While  these 
results  extend  previous  observations  regarding  hypertonic  and  hyperoncotic  fluid 
resuscitation,  these  results  also  suggest  that  a  hypertonic/hyperoncotic  fluid 
combination  may  be  useful  shock  therapy  if  intracranial  compliance  is  diminished. 
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EFFECTS  OF  FLUID  RESUSCITATION  FROM  HEMORRHAGIC  SHOCK  ON  CEREBRAL  HEMODYNAMICS  IN 

THE  PRESENCE  OF  AN  INTRACRANIAL  MASS 

John  M.  Whitley,  PhD,  Donald  S.  Prough,  MD 

Department  of  Anesthesia,  Bowman  Gray  School  of  Medicine  of  Wake  Forest  University, 
Winston-Salem,  North  Carolina  27103 

The  effects  of  fluid  resuscitation  on  intracranial  pressure  (ICP)  and  cerebral 
blood  flow  (CBF)  in  the  presence  of  an  intracranial  mass  were  studied  in  a  canine 
hemorrhagic  shock  preparation  with  an  expanding  subdural  balloon.  In  anesthetized 
dogs,  ICP,  CBF  and  mean  arterial  pressure  (MAP)  were  collected  and  analyzed  at  B 
(baseline),  IP  (after  increasing  ICP  to  20  mmHg),  SI,  S2,  R0  (immediately  after 
resuscitation),  and  at  30,  60,  90  and  120  minutes.  Prior  to  hemorrhage,  ICP  was 
elevated  and  maintained  during  shock.  Animals  were  then  hemorrhaged  to  a  MAP  of  55 
mmHg  for  30  minutes  and  resuscitated  with  either:  (1)  0.8%  NaCl  (54  ml/kg),  (2) 
7.2%  NaCl  (HS  6  ml/kg),  (3)  20%  hetastarch  (H  6  ml/kg)  or  (4)  20%  hetastarch 
dissolved  in  7.2%  NaCl  (HHS  6  ml/kg). 

Results:  CBF  decreased  in  all  fluid  groups  following  elevation  of  ICP.  During 
shock,  CBF  was  27-35%  of  baseline.  Following  resuscitation,  CBF  increased  in  all 
groups.  By  R30,  CBF  had  decreased  from  the  0.8%  NaCl,  HS  and  HHS  groups,  a  trend 
which  continued  to  R120  with  CBF  values  35%  of  baseline.  CBF  peaked  at  66%  of 
baseline  at  R30  in  the  H  group  and  decreased  to  58%  at  R120.  MAP  decreased  slightly 
at  IP  and  was  maintained  at  55  mmHg  during  shock.  MAP  increased  in  all  groups 
following  resuscitation.  By  R30,  MAP  was  >110  mmHg  in  the  HHS  and  H  groups  and  < 
90  mmHg  in  0.8%  NaCl  and  HS.  From  R30  to  R120,  MAP  stabilized  at  110  mmHg  in  HHS, 
decreased  to  80  mmHg  in  H  and  HS  and  increased  to  95  mmHg  in  0.8%  NaCl.  ICP 
increased  in  all  groups  at  R0  with  the  0.8%  NaCl  group  increasing  rapidly  to  36 
mmHg.  ICP  continued  to  increase  at  R30  in  all  fluid  groups  except  0.8%  NaCl  which 

showed  a  slight  decrease.  By  R120,  ICP  was  approximately  40  mmHg  in  the  0.  ,8%  NaCl, 

HS  and  H  groups  and  55  mmHg  in  HHS. 

Conclusions:  Although  preliminary,  these  results  indicate  a  complex 

association  between  MAP,  ICP  and  CBF  following  resuscitation  in  the  presence  of  an 
intracranial  mass.  While  the  HHS  fluid  was  clearly  superior  in  restoring 
hemodynamics  following  shock,  ICP  was  substantially  increased.  In  contrast, 
hyperoncotic  fluid  resuscitation  resulted  in  improved  CBF  and  lower  ICP.  These 

results  suggest  that  hyperoncotic  fluid  resuscitation  may  be  useful  in, shock  therapy 
with  an  accompanying  intracranial  mass. 
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TITLE:  EFFECTS  ON  INTRACRANIAL  PRESSURE  IN  A  CLINICALLY  DERIVED  FLUID  RESUSCITATION 
PROTOCOL  FOLLOWING  HEMORRHAGIC  SHOCK  WITH  AN  ACCOMPANYING  INTRACRANIAL  MASS. 

AUTHORS:  JM  Whitley.  PHD.  PS  Prough,  MD.  DP  Deal  BS.  and  AK  Lamb  BS. 

AFFILIATION:  Department  of  Anesthesia.  Section  on  Critical  Care,  Wake  Forest  University  Medical 
Center,  Winston-Salem,  NC 

INTRODUCTION:  Intracranial  pressure  (ICP)  is  reduced  following  hemorrhagic  shock.  In  the 
presence  of  an  intracranial  mass,  fluid  resuscitation  results  in  significant  increases  in  ICP. 
To  date,  no  study  has  addressed  the  impact  on  ICP  of  conventional  fluid  resuscitation  using  a 
protocol  comparable  to  that  employed  in  clinical  practice,  in  which  systemic  hemodynamics 
continue  to  be  supported  at  a  target  level  following  initial  resuscitation. 

METHODS:  Mongrel  dogs  were  anesthetized  with  thiopental,  intubated,  paralyzed  with  pancuronium 
bromide  and  ventilated  under  halothane  .5%  in  oxygen.  Blood  pressure  and  cardiac  output  (CO) 
were  continuously  monitored.  A  subdural  balloon  was  placed  over  the  left  cerebral  hemisphere 
and  ICP  elevated  to  15  nm  Hg  by  balloon  inflation  with  saline  and  maintained  at  that  level 
during  a  30  minute  interval  of  hemorrhagic  shock  (MAP  50  mm  Hg) .  Following  the  shock  interval, 
the  24  animals  were  randomly  assigned  to  one  of  four  fluid  groups  for  resuscitation:  1) 
isotonic,  2)  hypertonic,  3) isotonic  plus  colloid  and  4)  hypertonic  plus  colloid.  ICP  was 
allowed  to  fluctuate  independently  during  resuscitation.  Following  initial  resuscitation, 
additional  fluid  was  infused  as  necessary  to  maintain  CO  at  or  above  baseline  values. 

'SULTS:  ICP  increased  progressively  in  all  fluid  groups  during  the  initial  resuscitation 
period;  a  trend  which  continued  as  a  result  of  additional  fluid  infusion.  Cerebral  blood  flow 
(CBF)  increased  with  resuscitation,  but  declined  steadily  over  time  in  all  groups  with  group  2 
maintaining  the  higher  flows. 

CONCLUSIONS:  These  results  suggest  that  implementation  of  current  fluid  resuscitation 
practices  may  exacerbate  intracranial  hypertension  in  patients  with  both  head  trauma  and 
hemorrhage  resulting  in  significant  decreases  in  CBF. 
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APPENDIX  C 


MANUSCRIPTS  ACCEPTED,  SUBMITTED, 


AND  IN  PREPARATION 


Descriptive  Statistics 
Series  1 
ISO  vs.  HS 


Lpto 


ARHY  1j  ISO  V*  MS 


1 2k  i 


PAC02 

HGB 

PA02 

GROUP 

GROUP 

GROUP 

KS 

ISO 

MS 

ISO 

KS 

ISO 

KEAN 

STDERR 

KEAN 

STOERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

TIME 

PERIOD 

BASEL I ME 

40.26 

0.57 

37.72 

0.40 

12.20 

0.50 

11.82 

0.49 

231.22 

4.48 

227.33 

12.95 

EARLY 

SHOCK 

30.08 

1.18 

31.20 

3.14 

10.47 

0.51 

10.75 

0.35 

216.22 

5.87 

213.83 

10.18 

LATE  SHOCK 

38.39 

1.53 

37.00 

2.28 

9.68 

0.44 

9.58 

0.33 

261.11 

37.51 

200.67 

15.04 

T35 

50.81 

3.40 

51.20 

2.73 

7.86 

0.46 

7.25 

0.27 

243.44 

16.90 

217.00 

10.75 

T95 

34.43 

1.76 

35.63 

2.19 

7.50 

• 

8.65 

0.45 

225.75 

5.84 

220.50 

18.30 

T155 

32.52 

0.99 

32.34 

3.89 

9.41 

0.55 

8.18 

0.70 

225.67 

5.48 

210.80 

16.11 

ARMY  1j  ISO  v*  n 


GROUP  M0UP 


HS 

ISO 

HS 

ISO 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

KEAN  STDERR 

TIME 

PERIOD 

BASELINE 

7.37 

0.01 

7.38 

0.01 

37.78 

0.37 

37.84 

0.28 

EARLY 

SNOCK 

7.41 

0.02 

7.40 

0.02 

37.98 

0.41 

37.83 

0.27 

LATE  SHOCK 

7.19 

0.02 

7.19 

0.03 

37.77 

0.36 

36.H 

0.47 

T35 

7.05 

0.04 

7.04 

0.03 

37.63 

0.39 

37.23 

0.29 

T95 

7.21 

0.04 

7.22 

0.07 

• 

t 

37.54 

• 

T155 

7.13 

0.03 

7,15 

0.06 

37.61 

0.46 

37.32 

0.27 

I  3 


««Y  1:  ISO  V3  US 

CO 

HR 

PAUP 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

BS 

ISO 

KEAN  STOERR 

KEAN  STOERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDOfi 

TINE 

PER  100 

BASELINE 

2  .47 

0.18 

2.67 

0.51 

153.33 

5.77 

170.83 

13.19 

4.00 

0.74 

3.10 

1.02 

EARLY 

SHOCK 

0.69 

0.04 

0.79 

0.03 

160.00 

6.01 

166.67 

14.53 

3.11 

1.31 

1.73 

6.63 

UTE  SHOCK 

0.67 

0.03 

0.68 

0.05 

157.22 

9.32 

170.83 

11.29 

4.00 

1.31 

3.10 

1.26 

T35 

1.79 

0.12 

2.83 

0.30 

150.00 

9.86 

154.17 

11.72 

2.  S3 

0.70 

3.60 

0.91 

T95 

1.13 

0.12 

0.89 

0.07 

160.00 

9.13 

160.00 

• 

4.75 

1.23 

• 

• 

1155 

0.68 

0.05 

0.63 

0.07 

164.44 

9.30 

155.00 

11.76 

2.94 

1.33 

3.60 

0.53 

ARMY  1:  ISO  V8  8S 


PAP) 

PAP2 

GROUP 

GROUP 

HS  ISO  NS  ISO 


KEAN 

STOERR 

KEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

TIKE 

PERIOD 

BASELINE 

24.44 

1.38 

18.83 

1.87 

5.11 

0.95 

5.17 

1.05 

EARLY 

SHOCK 

11.78 

0.66 

11.67 

1.02 

0.78 

0.86 

1.67 

1.09 

LATE  SHOCK 

14.11 

0.77 

13.50 

0.72 

1.67 

0.83 

2.67 

0.76 

T35 

21.78 

1.80 

27.50 

2.11 

4.33 

0.93 

5.83 

1.14 

T95 

18.56 

1.62 

16.75 

1.18 

2.44 

0.77 

5.00 

1.78 

T155 

16.44 

0.65 

14.00 

1.24 

2.44 

0.82 

4.17 

0.70 

10 


‘Ttbk  f 


Am  It  ISO  vs  HS 

S8P 

DBP 

MAP 

GROUP 

GROUP 

GROUP 

W 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STDERR 

KEAN 

STDERR 

HEAR 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

TIMS 

PERIOD 

BASELINE 

169.44 

7.19 

157.50 

8.83 

117.78 

5.01 

113.33 

7.26 

135.00 

5.33 

128.17 

7.28 

EARLY 

SHOCK 

55.56 

1.55 

52.50 

2.81 

33.67 

1.11 

31.67 

1.67 

*0.89 

1.10 

38.67 

1.7* 

LATE  SHOCK 

56.33 

1.82 

55.83 

1.5* 

28.00 

0.82 

29.17 

1.5* 

37.33 

0.85 

38.00 

1.39 

T35 

89.22 

5.8* 

128.33 

9. *6 

*2.78 

*.17 

58.33 

12.56 

58.33 

*.*6 

90.33 

5.58 

T95 

95.63 

7.82 

105.00 

18.71 

36.67 

7.31 

61.25 

14.77 

58.89 

5.6* 

77.00 

15.88 

T155 

*5.22 

7.92 

51.67 

10.93 

18.00 

5.00 

25.83 

6.38 

27.22 

5.8* 

3*. 50 

7.78 

A&ff  it  iso  vs  «* 


LVSW 

CVP 

GROUP 

GROUP 

NS 

ISO 

HS 

ISO 

MEAN 

STDERS 

MEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

TIKE 

PERIOD 

BASELINE 

0.03 

0.003 

0.03 

0.007 

•2.33 

0.837 

-1.17 

0.715 

EARLY 

SHOCK 

0.00 

0.000 

0.00 

0.001 

•4.56 

0.543 

•4.50 

0.548 

LATE  SHOCK 

0.00 

0.000 

0.00 

0.000 

•4.28 

0.534 

-4.33 

0.587 

T35 

0.01 

0.001 

0.02 

0.005 

•3.50 

0.874 

-0.75 

0.574 

T95 

C.00 

0.002 

0.00 

• 

•4.75 

1.250 

• 

• 

T155 

0.00 

0.001 

0.00 

0.001 

•3.17 

0.661 

-4.00 

0.606 

ia 


ARKY  1:  ISO  vs  H$ 


HS 

RESP 

GROUP 

ISO 

KS 

SVR 

GROUP 

ISO 

TIME 

PERIOD 

MEAN 

STOERR  1 

HEAR  STDERR  KEAN 

STDERR  KEAN 

STDERR 

BASELINE 

EARLY 

13.89 

0.61 

12.83 

1.28  4693.54 

473.09  4936.56 

1342.43 

SHOCK 

12.89 

0.61 

11.75 

1.45  5422.92 

336.96  4371.13 

364.79 

LATE  SHOCK 

10.50 

0.68 

9.90 

0.68  4930.47 

178.35  5211.32 

639.32 

TS5 

13.75 

1.08 

12.70 

1.77  2841.94 

145.19  2721.82 

308.69 

T95 

14.00 

0.00 

18. OC 

.  3407.37 

782.18  3008.91 

801.41 

T155 

12.88 

0.61 

11.83 

1.08  4212.77 

710.51  5307.06 

832.61 

”7  2> 


ARMY  1«  I  SO  vs  RS 

m 

ICP 

CPP 

CROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

KS 

ISO 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN  STDERR 

TIME 

PERIOD 

BASELINE 

35.11 

3.40 

40.00 

5.01 

2.83 

0.70 

4.33 

1.50 

132.17 

5.24 

128.03 

9.30 

EARLY 

SHOCK 

21.78 

2.28 

26.20 

2.63 

•2.61 

0.82 

-1.58 

1.71 

43.57 

1.10 

39.83 

1.01 

LATE  SHOCK 

23.67 

2.36 

24.50 

1.36 

•2.83 

0.52 

•2.42 

1.45 

40.27 

0.77 

40.38 

4.17 

T35 

47.67 

2.76 

53.50 

5.08 

1.33 

1.48 

5.50 

2.56 

56.93 

3.67 

88.30 

7.42 

T95 

27.44 

2.81 

31.00 

2.80 

•5.44 

0.97 

0.00 

2.44 

63.96 

5.47 

58.03 

9.51 

T155 

21.44 

3.14 

21.58 

2.12 

-5.11 

1.16 

•0.50 

1.58 

38.17 

9.28 

39.67 

8.58 

i4 


Descriptive  Statistics 
Series  1 
ISO  vs.  HES 


75 


army  is  iso  v*  sss 


PAC02 

MGS 

PA02 

GROUP 

GROUP 

CMXP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

KEAN  STOERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN  STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

*1.26 

1.14 

37.72 

0.40 

11.58 

1.01 

11.82 

0.49 

210.60 

17.65 

227.33 

12.95 

EARLY 

SHOCK 

31.30 

2.56 

31.20 

3.1* 

10.50 

0.71 

10.75 

0.35 

207.00 

5.81 

213.83 

10.18 

LATE  SHOCK 

46.7* 

6.13 

37.00 

2.28 

10.18 

0.68 

9.58 

0.33 

207.00 

12.39 

200.67 

15.04 

T35 

49.90 

1.28 

51.20 

2.78 

8.94 

0.54 

7.25 

0.27 

215.00 

9.26 

217.00 

10.73 

T95 

34.70 

2.51 

35.63 

2.19 

8.40 

1.30 

8.65 

0.45 

215.20 

5.31 

220.50 

18.30 

T155 

34.12 

3.12 

32.34 

3.89 

8.92 

0.76 

8.18 

0.70 

210.20 

8.95 

210.80 

16.11 

.  v 

-  c 


J-ti.'JL&Z 


-» •  cr  “fi* 


nie 


ASSY  1i  ISO  V3  SES 


PH 

TEKP 

GROUP 

GROUP 

HES 

ISO 

ICES 

ISO 

MEAH 

STOERR 

KEAN  STOERR 

KEAN 

STOERR 

KEAN  STOERR 

TIKE 

PERIOD 

BASEUHE 

7.36 

0.01 

7.35 

0.01 

37.26 

0.46 

37.84  0.28 

EARLY 

SHOCK 

7.41 

0.02 

7.40 

0.02 

37.04 

0.29 

37.83  0.27 

LATE  SHOCK 

7.15 

0.04 

7.19 

0.03 

37.45 

0.49 

38.14  0.47 

T35 

7.09 

0.02 

7.04 

0.03 

37.47 

0.57 

37.3  0.29 

T95 

7.22 

0.05 

7.22 

0.07 

37.20 

0.56 

37.34 

T155 

7.20 

0.05 

7.15 

0.06 

36.04 

0.40 

37.32  0.27 

* 

17 


a 


AJtHY  1:  ISO  vs  BCS 

CO 

K8 

PAUP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

NES 

ISO 

res 

ISO 

KEAN  STDERR 

KEAN  STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN  STDERR 

KEAN 

STDERR 

Tire 

PERIOD 

BASEL IKE 

2.73 

0.57 

2.67 

0.51 

164.00 

6.78 

170.83 

13.19 

2.70 

0.46 

3.10 

1.02 

EARLY 

SHOCK 

0.82 

0.16 

0.79 

0.03 

161.00 

12.08 

166.67 

14.53 

1.70 

0.72 

1.75 

0.63 

LATE  SHOCK 

0.86 

0.16 

0.68 

0.03 

162.00 

9.70 

170.83 

11.29 

3.20 

0.72 

3.10 

1.26 

T35 

1.74 

0.36 

2.83 

0.30 

166.00 

9.27 

154.17 

11.72 

3.75 

0.72 

3.60 

0.91 

T93 

1.43 

0.44 

0.89 

0.07 

192.50 

11.09 

160.00 

• 

2.88 

1.59 

• 

• 

T155 

1.06 

0.22 

0.63 

0.07 

175.00 

8.66 

155.00 

11.76 

3.50 

0.71 

3.60 

0.53 

mr  t:  tso  vs  res 


PAP1  PAP2 

GROUP  GROUP 


MES 

ISO 

HES 

ISO 

HEAH  STOERR 

HEAR  STDERR 

MEAN  STDERR 

KEAN  STDERR 

tihs 

PERIOD 

BASELIHE 

19.20 

2.44 

18.83 

1.87 

2.80 

1.24 

5.1? 

1.05 

EARLY 

SHOCK 

12.00 

0.77 

11.67 

1.02 

1.80 

0.80 

1.67 

1.09 

UTE  SHOCK 

14.80 

1.36 

13.50 

0.72 

2.80 

0.86 

2.67 

0.76 

T35 

18.60 

1.66 

27.50 

2.11 

5.00 

1.26 

5.83 

1.14 

T95 

18.20 

0.80 

16.75 

1.18 

4.80 

0.73 

5.00 

1.78 

T155 

16.80 

1.20 

14.00 

1.24 

4.40 

1.29 

4.17 

0.70 

ARMY  It  ISO  V*  Set 


tv 

DSP 

MAP 

GROUP 

GROUP 

GROUP 

HES  150  KES  ISO  KES  ISO 


KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDEJt* 

TINE 

PERIOD 

BASEL!  ME 

178.00 

7.84 

157.50 

8.83 

121.00 

2.45 

113.33 

7.26 

140.00 

3.44 

128.17 

7 .28 

EARLY 

SHOCK 

52.00 

1.22 

52.50 

2.81 

32.00 

1.22 

31.67 

1.67 

39.00 

1.22 

38.67 

1.74 

UTE  SHOCK 

56.00 

2.92 

55.83 

1.54 

28.00 

1.22 

29.17 

1.54 

37.40 

0.81 

38.00 

1.39 

T3S 

84.40 

8.39 

128.33 

9.46 

46.60 

8.72 

58.33 

12.56 

59.00 

8.58 

90.33 

5.58 

T95 

84.00 

16.61 

105.00 

18.71 

47.40 

16.16 

61.25 

14.77 

59.60 

16.12 

77.00 

15.88 

T155 

61.00 

15.03 

51.67 

10.93 

33.00 

9.03 

25.83 

6.38 

42.40 

11.03 

34.50 

7.78 

So 


AMY  1:  ISO  vt  HES 


LVSV 

GROUP 


CVP 

GROUP 


HES  ISO  KES  ISO 


HE  AH 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

TIKE 

PER  IOO 

BASELINE 

0.03 

0.008 

0.03 

0.007 

•1.80 

1.271 

-1.17 

0.715 

EARLY 

SHOCK 

0.00 

0.000 

0.00 

0.001 

•4.50 

0.570 

•4.50 

0.548 

LATE  SHOCK 

0.00 

0.000 

0.00 

0.000 

•4.30 

0.255 

-4.33 

0.587 

T35 

0.01 

0.002 

0.02 

0.005 

•3.40 

0.400 

•0.75 

0.574 

T95 

0.00 

0.001 

0.00 

• 

•2.83 

0.333 

• 

• 

T155 

0.08 

0.072 

0.00 

0.001 

•0.40 

1.812 

•4.00 

0.606 

ytM/f 


ARMY  1;  ISO  v*  HES 


RESP 

SVR 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HEAR  STDERR  MEAN  STOERR  MEAN  STDERR  KEAN  STDERR 


TIME 

PERIOD 


BASELINE 

13.60 

0.87 

12.83 

1.28 

4671.56 

1004.02 

4936.56 

1342.43 

EARLY 

SHOCK 

12.80 

0.97 

11.75 

1.45 

4747.19 

836.06 

4371.13 

364.79 

LATE  SHOCK 

10.60 

1.40 

9.90 

0.68 

4260.26 

551.41 

5211.32 

639,32 

T35 

14.60 

1.08 

12.70 

1.77 

3275.17 

752.91 

2721.82 

308.69 

T95 

16.00 

1.15 

18.00 

• 

3458.95 

865.55 

3008.91 

801.41 

T155 

14.40 

1.47 

11.83 

1.08 

5918.34 

808.93 

5307.06 

832.61 

AMY  1:  ISO  vs  KES 


C8F 

ICR 

CPf 

croup 

CROUP 

croup 

HES 

ISO 

HES 

ISO 

KES 

ISO 

KEAN  STOERR 

KEAN  STDERR 

KEAN 

STDERR 

KEAN  STDERR 

KEAN 

STDERR 

KEAN  STDERR 

TIKE 

PERIOO 

BASELINE 

38.60 

5.54 

40.00 

5.01 

2.70 

1.42 

4.33 

1.S0 

137.33 

3.51 

128.03 

9.30 

EARLY 

SHOCK 

21.60 

4.13 

26.20 

2.63 

-4.40 

1.44 

•1.58 

1.71 

43.07 

1.19 

39.83 

1.01 

LATE  SHOCK 

23.60 

3.40 

24.50 

1.36 

-4.10 

0.87 

-2.42 

1.45 

41.43 

0.78 

40.38 

4.17 

T35 

27.60 

4.50 

53.50 

5.08 

-2.60 

1.31 

5.50 

2.56 

61.80 

8.86 

88.30 

7.42 

T95 

25.20 

3.25 

31.00 

2.80 

-3.20 

2.12 

0.00 

2.44 

62.80 

14.39 

58.03 

9.51 

T155 

22.40 

3.56 

21.58 

2.12 

-2.70 

2.84 

-0.50 

1.58 

66.08 

7.58 

39.67 

8.58 

•nKEyl} 
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Descriptive  Statistics 
Series  1 
HES  vs.  HS 


84 


ARMY  1:  HS  vs  HES 


PAC02 

HGB 

PA02 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

KS 

HES 

HS 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

TIME 

PER  1 00 

BASELINE 

41 .26 

1.14 

40.26 

0.57 

11.58 

1.01 

12.20 

0.50 

210.60 

17.65 

231.22 

4.48 

EARLY 

SHOCK 

31.30 

2.56 

30.08 

1.18 

10.50 

0.71 

10.47 

0.51 

207.00 

5.81 

216.22 

5.87 

LATE  SHOCK 

46.74 

6.13 

38.39 

1.53 

10.18 

0.68 

9.68 

0.44 

207.00 

12.39 

261.11 

37.51 

T35 

49.90 

1.28 

50.81 

3.40 

8.94 

0.54 

7.86 

0.46 

215.00 

9.26 

243.44 

16.90 

T95 

34.70 

2.51 

34.43 

1.76 

8.40 

1.30 

7.50 

• 

215.20 

5.31 

225.75 

5.84 

T155 

34.12 

3.12 

32.52 

0.99 

8.92 

0.76 

9.41 

0.55 

210.20 

8.95 

225.67 

5.48 

S5 


ARMY  1:  !!S  vs  HES 


PH 

GROUP 


TEKP 

GROUP 


HES 

MEAN  STDERR 


TIME 

PERIOO 

baseline 

7.36 

0.01 

EARLY 

SHOCK 

7.0 

0.02 

LATE  SHOCK 

7.15 

0.04 

T35 

7.09 

0.02 

195 

7.22 

0.05 

1155 

7.20 

0.05 

HS 

MEAN  STDERR  MEAN 


7.37 

0.01 

37.26 

7.41 

C.02 

37.04 

7.19 

0.02 

37.45 

7.05 

0.04 

37.47 

7.21 

0.04 

37.20 

7.13 

0.03 

38.04 

STDERR  MEAN  STDERR 


0.48 

37.78 

0.37 

0.29 

37.98 

0.41 

0.49 

37.77 

0.36 

0.57 

37.63 

0.39 

0.56 

• 

• 

0.40 

37.61 

0.46 

86 


ARMY  1:  HS  vs  HES 


CO 

HR 

PAWP 

CROUP 

GROUP 

GROUP 

HES 

HS 

HES  HS 

HES 

HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PER  1 00 

BASEL (HE 

2.73 

0.57 

2.47 

0.18 

164.00 

6.78 

153.33 

5.77 

2.70 

0.46 

4.00 

0.74 

EARLY 

SHOCK 

0.82 

0.16 

0.69 

0.04 

161.00 

12.08 

160.00 

6.01 

1.70 

0.72 

3.11 

1.31 

LATE  SHOCK 

0.86 

0.16 

0.67 

0.03 

162.00 

9.70 

157.22 

9.32 

3.20 

0.72 

4.00 

1.31 

T35 

1.74 

0.36 

1.79 

0.12 

166.00 

9.27 

150.00 

9.86 

3.75 

0.72 

2.83 

0.70 

T95 

1.43 

0.44 

1.13 

0.12 

192.50 

11.09 

160.00 

9.13 

2.88 

1.59 

4.75 

1.25 

T155 

1.06 

0.22 

0.68 

0.05 

175.00 

8.66 

164.44 

9.30 

3.50 

0.71 

2.94 

1.33 

ARMY  1:  HS  vs  KES 


TIME 

PERIOD 

BASEL  I  HE 

EARLY 

SHOCK 

LATE  SHOCK 
T35 

T95 

T155 


PAP1 

GROUP 

HES  HS 


MEAN 

STDERR 

MEAN 

STDERR 

19.20 

2.44 

24.44 

1.38 

12.00 

0.77 

11.78 

0.66 

14.80 

1.36 

14.11 

0.77 

18.60 

1.66 

21.78 

1.80 

18.20 

0.80 

18.56 

1.62 

16.80 

1.20 

16.44 

0.65 

PAP2 

GROUP 

HES  HS 


MEAN 

STDERR 

MEAN 

STDERR 

2.80 

1.24 

5.11 

0.95 

1.80 

0.80 

0.78 

0.86 

2.80 

0.86 

1.67 

0.83 

5.00 

1.26 

4.33 

0.93 

4.80 

0.73 

2.44 

0.77 

4.40 

1.29 

2.44 

0.82 

r)l ilk 

ARMY  1:  HS  v*  HES 


S8P 

DBP 

MAP 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

MEAN  STOERR 

MEAN 

STOERR 

MEAN  STDERR 

MEAN  ! 

STOERR 

MEAN  STOERR 

MEAN 

STOERR 

7in 

PERICO 

UASELINE 

178.00 

7.84 

169.44 

7.19 

121.00 

2.45 

117.78 

5.01 

140.00 

3.44 

135.00 

5.33 

EARLY 

SHOCK 

52.00 

1.22 

55.56 

1.55 

32.00 

1.22 

33.67 

1.11 

39.00 

1.22 

40.89 

1.10 

LATE  SHOCK 

56.00 

2.92 

56.33 

1.82 

28.00 

1.22 

28.00 

0.82 

37.40 

0.81 

37.33 

0.85 

T35 

84.40 

8.39 

89.22 

5.84 

46.60 

8.72 

42.78 

4.17 

59.00 

8.58 

58.33 

4.46 

T95 

84.00 

16.61 

95.63 

7.82 

47.40 

16.16 

36.67 

7.31 

59.60 

16.12 

58.89 

5.64 

T155 

61.00 

15.03 

45.22 

7.92 

33.00 

9.03 

18.00 

5.00 

42.40 

11.03 

27.22 

5.84 

ARMY  1:  HS  vs  HES 


LVSW 

CVP 

GROUP 

GROUP 

HES 

HS 

HE 

C 

V 

HS 

MEAN 

STDERR  MEAN 

STDERR 

MEAN 

STDERR 

f£AN 

STDERR 

TIME 

PER100 

BASELINE 

0.03 

0.008 

0.03 

0.003 

-1.80 

1.271 

-2.33 

0.837 

EARLY 

SHOCK 

0.00 

0.000 

0.00 

0.000 

-4.50 

0.570 

-4.56 

0.543 

LATE  SHOCK 

0.00 

0.000 

0.00 

0.000 

-4.30 

0.255 

-4.28 

0.534 

T35 

0.01 

0.002 

0.01 

0.001 

-3.40 

0.400 

-3.50 

0.874 

T95 

0.00 

0.001 

0.00 

0.002 

-2.83 

0.333 

-4.75 

1.250 

T 1 55 

0.08 

0.072 

0.00 

0.001 

-0.40 

1.812 

-3.17 

0.661 

0|O 


ARMY  1:  HS  vs  HES 


RESP 

SVR 

GROUP 

GROUP 

HES 

HS 

HES  HS 

MEAN 

STDERR  MEAN 

STDERR  MEAN 

STDERR  MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

13.60 

0.87 

13.89 

0.61  4671.56 

1004.02  4693.54 

473.09 

EARLY 

SHOCK 

12.80 

0.97 

12.89 

0.61  4747.19 

836.06  5422.92 

336.96 

LATE  SHOCK 

10.60 

1.-0 

10.50 

0.68  4260.26 

551.41  4930.47 

178.35 

T35 

14.60 

1.08 

13.75 

1.08  3275.17 

752.91  2841.94 

145.19 

T95 

16.00 

1.15 

14.00 

0.00  3458.95 

865.55  3407.37 

782.18 

T 1 55 

14.40 

1.47 

12.88 

0.61  5918.34 

808.93  4212.77 

710.51 

qi 


Descriptive  Statistics 
Series  1 


HS  vs.  HES/HS 


) 


ARMY  1:  HS  vs  HES/HS 


PAC02 

HGB 

PA02 

GROUP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

HES/HS 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDi'k« 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

39.15 

0.56 

40.26 

0.57 

12.92 

0.77 

12.20 

0.50 

235.00 

9.72 

231.22 

4.48 

EARLY 

SHOCK 

30.40 

1.35 

30.08 

1.18 

10.77 

0.38 

10.47 

0.51 

224.33 

9.99 

216.22 

5.87 

LATE  SHOCK 

39.32 

0.91 

38.39 

1.53 

11.15 

0.42 

9.68 

0.44 

220.50 

8.81 

261.11 

37.51 

T35 

48.87 

2.75 

50.81 

3.40 

8.53 

0.25 

7.86 

0.46 

206.17 

16.93 

243.44 

16.90 

T95 

33.54 

0.79 

34.43 

1.76 

10.30 

0.46 

7.50 

• 

223.20 

4.28 

225.75 

5.84 

T15S 

35.73 

2.80 

32.52 

0.99 

8.94 

0.56 

9.41 

0.55 

214.83 

9.09 

225.67 

5.48 

Q4 


ARHY  1:  HS  vs  HES/HS 


PH 

TEMP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

MEAN 

STOERR 

MEAN 

STDERR 

HEAR 

STDERR 

KEAN 

STDERR 

TIME 

PERIOO 

BASEL  I  HE 

7.38 

0.01 

7.37 

0.01 

37.03 

0.10 

37.78 

0.37 

EARLY 

SHOCK 

7.39 

0.04 

7.41 

0.02 

37.15 

0.12 

37.98 

0.41 

LATE  SHOCK 

7.20 

0.03 

7.19 

0.02 

37.46 

0.21 

37.77 

0.36 

T35 

7.10 

0.03 

7.05 

0.04 

37.56 

0.18 

37.63 

0.39 

T95 

7.27 

0.02 

7.21 

0.04 

38.43 

0.13 

• 

• 

T155 

7.16 

0.02 

7.13 

0.03 

37.99 

0.31 

37.61 

0.46 

Q5 


ARMY  1:  HS  V£  HES/HS 


fit/*  £  7 


CO 

HR 

PAUP 

CROUP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

HES/HS 

HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR  MEAN  STDERR 

TIME 

PERIOD 

BASELINE 

2.52 

0.26 

2.47 

0.18 

160.00 

5.16 

153.33 

5.77 

2.90 

0.62 

4.00 

0.74 

EARLY 

SHOCK 

0.67 

0.05 

0.69 

0.04 

148.33 

4.77 

160.00 

6.01 

1.25 

0.78 

3.11 

1.31 

LATE  SHOCK 

0.72 

0.07 

0.67 

0.03 

168.33 

12.22 

157.22 

9.32 

2.83 

0.83 

4.00 

1.31 

T35 

1.69 

0.23 

1.79 

0.12 

170.00 

11.83 

150.00 

9.86 

2.30 

0.58 

2.83 

0.70 

T95 

1.14 

0.43 

1.13 

0.12 

200.00 

9.13 

160.00 

9.13 

2.75 

1.25 

4.75 

1.25 

T155 

0.73 

0.14 

0.68 

0.05 

190.00 

7.75 

164.44 

9.30 

3.00 

1.19 

2.94 

1.33 

C\ 


ARMY  Is  HS  vs  HES/HS 


PAP1 

PAP2 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

TIME 

PER  ICO 

BASELINE 

22.00 

0.82 

24.44 

1.38 

5.67 

1.20 

5.11 

0.95 

EARLY 

SHOCK 

11.33 

0.80 

11.78 

0.66 

0.00 

1.03 

0.78 

0.86 

LATE  SHOCK 

13.67 

0.80 

14.11 

0.77 

2.50 

1.06 

1.67 

0.83 

T35 

21.50 

1.38 

21.78 

1.80 

4.83 

0.54 

4.33 

0.93 

T95 

18.40 

1.2S 

18.56 

1.62 

3.80 

0.73 

2.44 

0.77 

T155 

18.83 

1.40 

16.44 

0.65 

3.83 

1.35 

2.44 

0.82 

ARMY  1:  HS  v»  HES/HS 


SBP 

OBP 

MAP 

GROUP 

GROUP 

GROUP 

HES/KS 

HS 

HES/HS 

HS 

HES/HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PER ICO 

BASELINE 

176.67 

3.80 

169.44 

7.19 

120.00 

4.08 

117.78 

5.01 

138.83 

3.59 

135.00 

5.33 

EARLY 

SHOCK 

52.00 

2.94 

55.56 

1.55 

33.33 

1.65 

33.67 

1.11 

39.33 

1.02 

*0.89 

1.10 

LATE  SHOCK 

55.00 

2.24 

56.33 

1.82 

32.50 

1.12 

28.00 

0.82 

40.00 

0.77 

37.33 

0.85 

T35 

94.17 

6.76 

89.22 

5.84 

55.83 

11.21 

42.78 

4.17 

68.50 

9.45 

58.33 

4.46 

T95 

106.67 

3.33 

95.63 

7.82 

67.50 

5.44 

36.67 

7.31 

80.50 

4.22 

58.89 

5.64 

T155 

67.50 

7.39 

45.22 

7.92 

32.50 

3.10 

18.00 

5.00 

44.17 

3.77 

27.22 

5.84 

ARMY  1:  HS  VS  HES/HS 


LVSW 

CVP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERICO 

BASELINE 

0.03 

0.003 

0.03 

0.003 

-2.83 

0.760 

-2.33 

0.837 

EARLY 

SHOCK 

0.00 

0.000 

0.00 

0.000 

-4.92 

0.664 

-4.56 

0.543 

LATE  SHOCK 

0.00 

0.000 

0.00 

0.000 

-4.75 

0.616 

-4.28 

0.534 

T3S 

0.01 

0.002 

0.01 

0.001 

-3.42 

0.625 

-3.50 

0.874 

T95 

0.01 

0.001 

0.00 

0.002 

-4.00 

0.577 

-4.75 

1.250 

T155 

0.00 

0.000 

0.00 

0.001 

-3.58 

0.860 

-3.17 

0.661 

qq 


ARMY  1:  HS  V*  HES/HS 


RESP  . 

SVR 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

MEAN 

STOERR 

HEAH 

STOERR 

MEAN 

STDERR 

KEAN 

STOERR 

TIME 

PERIOO 

BASELINE 

14.17 

0.87 

13.89 

0.61 

4642.76 

395.56 

4693.54 

473.09 

EARLY 

SHOCK 

12.33 

0.76 

12.89 

0.61 

5554.80 

519.45 

5422.92 

336.96 

LATE  SHOCK 

11.17 

0.65 

10.50 

0.68  5246.29 

595.60 

4930.47 

178.35 

T35 

13.83 

0.98 

13.75 

1.08  3806.17 

464.67 

2841.94 

145.19 

T95 

13.50 

0.29 

14.00 

0.00  7114.17 

1814.19 

3407.37 

782.18 

T155 

14.00 

0.63 

12.88 

0.61 

5879.82 

1858.07 

4212.77 

710.51 

loo 


ARMY  1:  HS  vs  HES/HS 


C8F 

ICP 

CPP 

CROUP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

HES/HS 

HS 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR  MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

32.17 

2.17 

35.11 

3.40 

3.50 

1.28 

2.83 

0.70 

135.13 

5.08 

132.17 

5.24 

EARLY 

SHOCK 

19.00 

1.53 

21.78 

2.28 

-3.00 

0.63  • 

2.61 

0.82 

43.10 

1.32 

43.57 

1.10 

LATE  SHOCK 

22.33 

1.28 

23.67 

2.36 

-3.42 

0.71  - 

2.83 

0.52 

43.70 

1.19 

40.27 

0.77 

T35 

36.83 

5.15 

47.67 

2.76 

-1.33 

1.55 

1.33 

1.48 

73.93 

9.39 

56.93 

3.67 

T95 

26.00 

1.77 

27.44 

2.81 

-3.90 

0.75  - 

5.44 

0.97 

81.93 

5.18 

63.96 

5.47 

T1SS 

22.83 

2.02 

21.44 

3.14 

-3.67 

0.83  - 

5.11 

1.16 

47.30 

4.49 

38.17 

9.28 

\D| 


Descriptive  Statistics 
Series  1 
HES  vs.  HES/HS 


ARHY  1:  HES/KS  vs  HES 


PAC02 

KGB 

GROUP 

GROUP 

PA  02 

GROUP 


HES 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

KEAN  STOERR 

KEAN  STOERR 

KEAN  STOERR 

MEAN  STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

41.26 

1.14 

39.15 

0.56 

11.58 

1.01 

12.92 

0.77 

210.60 

17.65 

235.00 

9.72 

EARLY 

SHOCK 

31.30 

2.56 

30.40 

1.35 

10.50 

0.71 

10.77 

0.38 

207.00 

5.81 

224.33 

9.99 

LATE  SHOCK 

46.74 

6.13 

39.32 

0.91 

10.18 

0.68 

11.15 

0.42 

207.00 

12.39 

220.50 

8.81 

T35 

49.90 

1.28 

48.87 

2.75 

8.94 

0.54 

8.53 

0.25 

215.00 

9.26 

206.17 

16.93 

T95 

34.70 

2.51 

33.54 

0.79 

8.40 

1.30 

10.30 

0.46 

215.20 

5.31 

223.20 

4.28 

T15S 

34.12 

3.12 

35.73 

2.80 

8.92 

0.76 

8-94 

0.56 

210.20 

8.95 

214.83 

9.09 

\02> 


ARMY  1:  HES/KS  v*  HES 


PH 

TEKP 

GROUP 

GROUP 

HES 

HES/HS 

HES 

HES/HS 

HEAN 

STOERR 

MEAN 

STDERR 

KEAN 

STOERR 

MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

7.36 

0.01 

7.38 

0.01 

37.26 

0.48 

37.03 

0.10 

EARLY 

SHOCK 

7.41 

0.02 

7.39 

0.04 

37.04 

0.29 

37.15 

0.12 

LATE  SHOCK 

7.15 

0.04 

7.20 

0.03 

37.45 

0.49 

37.46 

0.21 

T35 

7.09 

0.02 

7.10 

0.03 

37.47 

0.57 

37.56 

0.18 

T95 

7.22 

0.05 

7.27 

0.02 

37.20 

0.56 

38.43 

0.13 

T155 

7.20 

0.05 

7.16 

0.02 

38.04 

0.40 

37.99 

0.31 

\oH 


ya/tJf 

ARMY  1:  HES/HS  vt  HES 


CO 

HR 

PAUP 

GROUP 

GROUP 

GROUP 

HES 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

MEAN  STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN  STDERR  MEAN 

STDERR 

TIKE 

PER 100 

BASELINE 

2.73 

0.57 

2.52 

0.26 

164.00 

6.78 

160.00 

5.16 

2.70 

0.46 

2.90 

0.62 

EARLY 

SHOCK 

0.82 

0.16 

0.67 

0.05 

161.00 

12.08 

148.33 

4.77 

1.70 

0.72 

1.25 

0.78 

LATE  SHOCK 

0.86 

0.16 

0.72 

0.07 

162.00 

9.70 

168.33 

12.22 

3.20 

0.72 

2.83 

0.83 

T3S 

1.74 

0.36 

1.69 

0.23 

166.00 

9.27 

170.00 

11.83 

3.75 

0.72 

2.30 

0.58 

T95 

1.43 

0.44 

1.14 

0.43 

192.50 

11.09 

200.00 

9.13 

2.88 

1.59 

2.75 

1.25 

T155 

1.06 

0.22 

0.73 

0.14 

175.00 

8.66 

190.00 

7.75 

3.50 

0.71 

3.00 

1.19 

ARMY  1:  HES/HS  VS  HES 


PAP1 

PAP2  . 

GROUP 

GROUP 

HES 

HES/HS 

HES 

HES/HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIHE 

PERIOD 

BASELINE 

19.20 

2.44 

22.00 

0.82 

2.80 

1.24 

5.67 

1.20 

EARLY 

SHOCK 

12.00 

0.77 

11.33 

0.80 

1.80 

0.80 

0.00 

1.03 

LATE  SHOCK 

14.80 

1.36 

13.67 

0.80 

2.80 

0.86 

2.50 

1.06 

T35 

18.60 

1.66 

21.50 

1.38 

5.00 

1.26 

4.83 

0.54 

T95 

18.20 

0.80 

18.40 

1.25 

4.80 

0.73 

3.80 

0.73 

T155 

16.80 

1.20 

18.83 

1.40 

4.40 

1.29 

3.83 

1.35 

\o\p 


/w/e3/ 


ARMY  1:  HES/HS  VS  HES 


SBP 

DBP 

MAP 

GROUP 

GROUP 

GROUP 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

HEAH 

STOERR 

KEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

178.00 

7.84 

176.67 

3.80 

121.00 

2.45 

120.00 

4.08 

140.00 

3.44 

138.83 

3.59 

EARLY 

SHOCK 

52.00 

1.22 

52.00 

2.94 

32.00 

1.22^ 

33.33 

1.65 

39.00 

1.22 

39.33 

1.02 

LATE  SHOCK 

56.00 

2.92 

55.00 

2.24 

28.00 

1.22 

32.50 

1.12 

37.40 

0.81 

40.00 

0.77 

T35 

84.40 

8.39 

94.17 

6.76 

46.60 

8.72 

55.83 

11.21 

59.00 

8.58 

68.50 

9.45 

T95 

84.00 

16.61 

106.67 

3.33 

47.40 

16.16 

67.50 

5.44 

59.60 

16.12 

80.50 

4.22 

T155 

61.00 

15.03 

67.50 

7.39 

33.00 

9.03 

32.50 

3.10 

42.40 

11.03 

44.17 

3.77 

107 


ARMY  1:  HES/HS  VS  KES 


LVSW 

CVP 

GROUP 

GROUP 

HES 

HES/HS 

HES 

HES/HS 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

0.03 

0.008 

0.03 

0.003 

•1.80 

1.271 

-2.83 

0.760 

EARLY 

SHOCK 

0.00 

0.000 

0.00 

0.000 

•4.50 

0.570 

-4.92 

0.664 

LATE  SHOCK 

0.00 

0.000 

0.00 

0.000 

-4.30 

0.255 

-4.75 

0.616 

T3S 

0.01 

0.002 

0.01 

0.002 

-3.40 

0.400 

-3.42 

0.625 

T95 

0.00 

0.001 

0.01 

0.001 

-2.83 

0.333 

-4.00 

0.577 

T155 

0.08 

0.072 

0.00 

0.000 

-0.40 

1.812 

-3.58 

0.860 

log 


ARMY  t:  HES/HS  Vt  KES 


RESP 

SVR 

GROUP 

GROUP 

HES 

HES/HS 

HES 

HES/HS 

MEAN 

STDERR 

MEAN 

STDERR  MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

13.60 

0.87 

14.17 

0.87  4671.56 

1004.02  4642.76 

395.56 

EARLY 

SHOCK 

12.80 

0.97 

12.33 

0.76  4747.19 

836.06 

5554.80 

519.45 

LATE  SHOCK 

10.60 

1.40 

11.17 

0.65  4260.26 

551.41 

5246.29 

595.60 

T35 

14.60 

1.08 

13.83 

0.98  3275.17 

752.91 

3806.17 

464.67 

T95 

16.00 

1.15 

13.50 

0.29  3458.95 

865.55 

7114.17 

1814.19 

T1S5 

14.40 

1.47 

14.00 

0.63  5918.34 

808.93 

5879.82 

1858.07 

icq 


0> 


ARMY  1:  HES/HS  vs  HES 


car 

I  CP 

CPP 

GROUP 

GROUP 

CROUP 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

MEAN 

STOERR 

MEAN 

SIOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

38.60 

5.54 

32.17 

2.17 

2.70 

1.42 

3.50 

1.28 

137.33 

3.51 

135.13 

5.08 

EARLY 

SHOCK 

21.60 

4.13 

19.00 

1.53 

•4.40 

1.44 

-3.00 

0.63 

43.07 

1.19 

43.10 

1.32 

LATE  SHOCK 

23.60 

3.40 

22.33 

1.28 

-4.10 

0.87 

-3.42 

0.71 

41.43 

0.78 

43.70 

1.19 

T35 

27.60 

4.50 

36.83 

5.15 

-2.60 

1.31 

-1.33 

1.55 

61.80 

8.86 

73.93 

9.39 

T95 

25.20 

3.25 

26.00 

1.77 

-3.20 

2.12 

-3.90 

0.75 

62.80 

14.39 

81.93 

5.18 

T155 

22.40 

3.56 

22.83 

2.02 

-2.70 

2.84 

-3.67 

0.83 

66.08 

7.58 

47.30 

4.49 

Descriptive  Statistics 
Series  1 
ISO  vs.  HES/HS 


m 


ARMY  1:  ISO  vs  HES/HS 


PAC02 

HGB 

PA02 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN  STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

39.15 

0.56 

37.72 

0.40 

12.92 

0.77 

11.82 

0.49 

235.00 

9.72 

227.33 

12.95 

EARLY 

SHOCK 

30.40 

1.35 

31.20 

3.14 

10.77 

0.38 

10.75 

0.35 

224.33 

9.99 

213.83 

10.18 

LATE  SHOCK 

39.32 

0.91 

37.00 

2.28 

11.15 

0.42 

9.58 

0.33 

220.50 

8.81 

200.67 

15.04 

T35 

48.87 

2.75 

51.20 

2.78 

8.53 

0.25 

7.25 

0.27 

206.17 

16.93 

217.00 

10.75 

T95 

33.54 

0.79 

35.63 

2.19 

10.30 

0.46 

8.65 

0.45 

223.20 

4.28 

220.50 

18.30 

T155 

35.73 

2.80 

32.34 

3.89 

8.94 

0.56 

8.18 

0.70 

214.83 

9.09 

210.80 

16.11 

iia 


ARMY  1:  ISO  vs  HES/KS 


PH  TEMP 

GROUP  GROUP 

HES/HS  ISO  HES/HS  ISO 


MEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

MEAN 

STOERR 

TIME 

PERIOO 

BASELIKE 

7.38 

0.01 

7.38 

0.01 

37.03 

0.10 

37.84 

0.28 

EARLY 

SHOCK 

7.39 

0.04 

7.40 

0.02 

37.15 

0.12 

37.83 

0.27 

LATE  SHOCK 

7.20 

0.03 

7.19 

0.03 

37.46 

0.21 

38.14 

0.47 

T35 

7.10 

0.03 

7.04 

0.03 

37.56 

0.18 

37.23 

0.29 

T95 

7.27 

0.02 

7.22 

0.07 

38.43 

0.13 

37.54 

• 

T155 

7.16 

0.02 

7.15 

0.06 

37.99 

0.31 

37.32 

0.27 

\\3 


ARMY  1:  ISO  v*  HES/HS 


CO  HR  .  PAWP 

GROUP  GROUP  GROUP 


HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN  STOERR 

KEAN  STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

MEAN 

STOERR 

MEAN  STOERR 

TIME 

PERIOO 

BASELINE 

2.S2 

0.26 

2.67 

0.51 

160.00 

5.16 

170.83 

13.19 

2.90 

0.62 

3.10 

1.02 

EARLY 

SHOCK 

0.67 

0.05 

0.79 

0.03 

148.33 

4.77 

166.67 

14.53 

1.25 

0.78 

1.75 

0.63 

LATE  SHOCK 

0.72 

0.07 

0.68 

0.05 

168.33 

12.22 

170.83 

11.29 

2.83 

0.83 

3.10 

1.26 

T35 

1.69 

0.23 

2.83 

0.30 

170.00 

11.83 

154.17 

11.72 

2.30 

0.58 

3.60 

0.91 

T95 

1.K 

0.43 

0.89 

0.07 

200.00 

9.13 

160.00 

• 

2.75 

1.25 

• 

• 

T155 

0.73 

0.14 

0.63 

0.07 

190.00 

7.75 

155.00 

11.76 

3.00 

1.19 

3.60 

0.53 

ARMY  Is  ISO  vs  HES/HS 


.  PAP1 

PAP2 

GROUP 

CROUP 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR  MEAN  STDERR 

TIME 

PERI 00 

BASELINE 

22.00 

0.82 

18.83 

1.87 

5.67 

1.20 

5.17 

1.05 

EARLY 

SHOCK 

11.33 

0.80 

11.67 

1.02 

0.00 

1.03 

1.67 

1.09 

LATE  SHOCK 

13.67 

0.80 

13.50 

0.72 

2.50 

1.06 

2.67 

0.76 

T35 

21.50 

1.38 

27.50 

2.11 

4.83 

0.54 

5.83 

1.14 

T95 

18. AO 

1.25 

16.75 

1.18 

3.80 

0.73 

5.00 

1.78 

T155 

18.83 

1.40 

14.00 

1.24 

3.83 

1.35 

4.17 

0.70 

US 


ARMY  1:  ISO  vs  HES/HS 


TINE 

PERI00 

BASELINE 

EARLY 

SHOCK 

LATE  SHOCK 

T35 

T95 

T15S 


SB  P 
GROUP 

HES/HS  ISO 


MEAN 

STOERR 

MEAN 

STDERR 

176.67 

3.80 

157.50 

8.83 

52.00 

2.94 

52.50 

2.81 

55.00 

2.24 

55.83 

1.54 

94.17 

6.76 

128.33 

9.46 

106.67 

3.33 

105.00 

18.71 

67.50 

7.39 

51.67 

10.93 

OBP 

GROUP 

HES/HS  ISO 


MEAN 

STDERR 

MEAN 

STDERR 

120.00 

4.08 

113.33 

7,26 

33.33 

1.65 

31.67 

1.67 

32.50 

1.12 

29.17 

1.54 

55.83 

11.21 

58.33 

12.56 

67.50 

5.44 

61.25 

14.77 

32.50 

3.10 

25.83 

6.38 

NAP 

GROUP 

HES/HS  ISO 


KEAN 

STDERR 

MEAN 

STDERR 

138.83 

3.59 

128.17 

7.28 

39.33 

1.02 

38.67 

1.74 

40.00 

0.77 

38.00 

1.39 

68.50 

9.45 

90.33 

5.58 

80.50 

4.22 

77.00 

15.88 

44.17 

3.77 

34.50 

7.78 

W\j> 


ARMY  1:  ISO  vs  HES/HS 


LVSV 

CVP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

0.03 

0.003 

0.C3 

0.007 

*2.83 

0.760 

-1.17 

0.715 

EARLY 

SHOCK 

0.00 

0.000 

0.00 

0.001 

*4.92 

0.664 

-4.50 

0.548 

LATE  SHOCK 

0.00 

0.000 

0.00 

0.000 

*4.75 

0.616 

-4.33 

0.587 

T35 

0.01 

0.002 

n.02 

0.005 

-3.42 

0.625 

-0.75 

0.574 

T95 

0.01 

0.001 

0.00 

• 

-4.00 

0.577 

• 

• 

T155 

0.00 

0.000 

0.00 

0.001 

-3.58 

0.860 

-4.00 

0.606 

W1 


ft 

ARMY  1:  ISO  vs  HES/HS 


RESP 

SVR 

GROUP 

GROUP 

HES/HS 

ISO  HES/HS 

ISO 

HE  AH 

STDERR 

HEAH 

STDERR  HEAH 

STDERR 

KEAN 

STDERR 

TIME 

PER  1 00 

BASELINE 

14.17 

0.87 

12.83 

1.28  4642.76 

395.56 

4936.56 

1342.43 

EARLY 

SHOCK 

12.33 

0.76 

11.75 

1.45  5554.80 

519.45 

4371.13 

364.79 

LATE  SHOCK 

11.17 

0.65 

9.90 

0.68  5246.29 

595.60 

5211.32 

639.32 

T35 

13.83 

0.98 

12.70 

1.77  3806.17 

464.67 

2721.82 

308.69 

T95 

13.50 

0.29 

18.00 

.  7114.17 

1814.19 

3008.91 

801.41 

T155 

14.00 

0.63 

11.83 

1.08  5879.82 

1858.07 

5307.06 

832.61 

\\« 


ARMY  1:  ISO  vs  HES/HS 


CBF 

I  CP 

CP  P 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

HEAR 

STOERR 

HEAR 

STDERR 

HEAR 

SIDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOD 

BASEL! ME 

32.17 

2.17 

40.00 

5.01 

3.50 

1.28 

4.33 

1.50 

135.13 

5.05 

128.03 

9.30 

EARLY 

SHOCK 

19.00 

1.53 

26.20 

2.63 

•3.00 

0.63 

-1.58 

1.71 

43.10 

1.32 

39.83 

1.01 

LATE  SHOCK 

22.33 

1.28 

24.50 

1.36 

■3.42 

0.71 

-2.42 

1.45 

43.70 

1.19 

40.38 

4.17 

T35 

36.83 

5. IS 

53.50 

5.08 

-1.33 

1.55 

5.50 

2.56 

73.93 

9.39 

88.30 

7.42 

T95 

26.00 

1.77 

31.00 

2.80 

-3.90 

0.75 

0.00 

2.44 

81.93 

5.18 

58.03 

9.51 

T155 

22.83 

2.02 

21.58 

2.12 

-3.67 

0.83 

-0.50 

1.58 

47.30 

4.49 

39.67 

8.58 

\\q 


Descriptive  Statistics 
Series  2 


Army  2:  ISO  vs  HS 


PAC02A 

HGBA 

PA02A 

GRCUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

HEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

HEAN 

STDERR 

HEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

38.48 

0.85 

36.87 

0.85 

14.33 

0.64 

11.81 

1.10 

254.94 

32.73 

295.71 

34.21 

BALLOON 

INFLATION 

39.60 

1.17 

35.73 

0.98 

14.28 

0.63 

12.60 

0.96 

275.83 

31.16 

291.40 

38.01 

EARLY 

SHOCK 

32.29 

1.66 

33.74 

1.84 

12.19 

0.76 

10.99 

0.93 

208.75 

27.06 

289.00 

39.27 

LATE  SHOCK 

41.53 

1.99 

42.97 

1.36 

12.54 

0.67 

11.41 

1.03 

210.75 

29.07 

258.33 

33.29 

T35 

52.35 

2.53 

38.61 

1.04 

9.70 

0.79 

8.26 

0.85 

241.63 

27.17 

300.57 

32.92 

T65 

37.78 

0.73 

35.67 

0.99 

11.35 

0.76 

9.62 

0.87 

231.63 

27.77 

292.00 

35.19 

T95 

39.60 

0.90 

39.44 

1.63 

12.40 

0.51 

10.37 

0.96 

246.25 

30.60 

289.00 

35.58 

T125 

37.51 

0.76 

36.52 

1.50 

12.10 

0.64 

10.65 

1.13 

241.13 

27.37 

272.50 

35.78 

T155 

38.23 

1.24 

39.34 

1.49 

12.21 

0.58 

11.92 

0.58 

237.00 

24.45 

253.00 

35.10 

JSU 


Army  2:  ISO  v*  HS 


PHA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STOERR 

HEAN  STOERR 

KEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR 

TIME 

PERIOD 

BASELINE 

7.36 

0.01 

7.38 

0.01 

38.19 

0.25 

37.03 

0.49 

17.52 

2.00 

18.15 

1.25 

BALLOON 

INFLATION 

7.35 

0.01 

7.38 

0.02 

38.20 

0.35 

37.07 

0.58 

18.09 

1.89 

18.39 

1.24 

EARLY 

SHOCK 

7.37 

0.01 

7.38 

0.02 

38.33 

0.36 

37.05 

0.60 

16.05 

1.59 

16.82 

1.03 

LATE  SHOCK 

7.24 

0.03 

7.27 

0.02 

39.12 

0.28 

37.47 

0.72 

16.20 

1.69 

17.55 

1.04 

T35 

7.14 

0.03 

7.22 

0.04 

38.70 

0.19 

36.81 

0.55 

12.46 

1.86 

13.34 

0.77 

T65 

7.23 

0.02 

7.26 

0.02 

38.90 

0.17 

36.93 

0.57 

14.65 

1.94 

14.68 

0.69 

T95 

7.24 

0.02 

7.24 

0.02 

39.24 

0.23 

37.21 

0.65 

15.32 

1.60 

16.26 

0.92 

T125 

7.22 

0.03 

7.25 

0.02 

39.38 

0.25 

37.82 

0.63 

14.95 

1.75 

16.33 

1.12 

T1S5 

7.21 

0.04 

7.26 

0.03 

39.30 

0.35 

37.89 

0.87 

15.04 

1.68 

16.75 

0.72 

\ 


Army  2:  ISO  vs  HS 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PER  100 

BASELINE 

2.72 

0.29 

3.60 

0.85 

121.25 

6.39 

132.86 

8.37 

3.63 

1.80 

2.71 

1.24 

BALLOON 

INFLATION 

2.80 

0.37 

3.09 

0.74 

116.67 

6.15 

132.86 

7.78 

2.57 

1.89 

1.50 

1.04 

EARLY 

SHOCK 

1.35 

0.13 

1.79 

0.34 

121.38 

7.64 

130.00 

7.24 

1.25 

1.63 

0.01 

0.72 

LATE  SHOCK 

1.60 

0.16 

2.38 

0.57 

147.50 

9.40 

145.71 

8.41 

1.13 

1.50 

-0.43 

0.69 

T35 

3.66 

0.19 

6.17 

0.54 

131.57 

6.91 

141.43 

10.33 

3.25 

1.92 

7.14 

0.91 

T65 

2.29 

0.16 

3.95 

0.72 

150.00 

5.35 

145.71 

9.97 

2.14 

1.78 

0.93 

0.64 

T95 

1.97 

0.22 

3.22 

0.62 

160.50 

6.27 

156.57 

9.68 

2.07 

1.69 

0.36 

1.02 

T125 

1.93 

0.22 

3.21 

0.71 

160.00 

9.06 

159.17 

8.98 

2.50 

1.82 

0.75 

1.30 

T155 

1.78 

0.24 

2.88 

0.61 

166.63 

8.06 

158.00 

8.60 

2.21 

1.85 

0.33 

1.15 

133 


Army  2:  ISO  vs  HS 


PAP1  PAP2 

GROUP  GROUP 


HS 

ISO 

HS 

ISO 

MEAN 

STOERR 

MEAN  STOERR 

MEAN 

STOERR 

MEAN  STOERR 

TIME 

PERIOO 

BASELINE 

19.88 

1.92 

17.43 

1.19 

5.75 

1.67 

4.00 

2.10 

BALLOON 

INFLATION 

19.  A3 

2.31 

16.71 

1.19 

4.57 

2.30 

3.21 

1.91 

EARLY 

SHOCK 

12.63 

1.66 

12.00 

0.69 

1.88 

1.82 

0.14 

1.06 

LATE  SHOCK 

14.63 

1.61 

13.71 

0.57 

3.13 

1.89 

0.86 

1.14 

T35 

24.75 

1.91 

25.71 

1.17 

5.63 

2.60 

5.71 

1.39 

T65 

16.38 

1.34 

18.14 

0.99 

2.88 

1.64 

1.43 

1.21 

T95 

53.63 

36.64 

17.14 

1.35 

3.25 

1.85 

1.71 

1.48 

T125 

18.00 

1.67 

18.00 

1.84 

3.63 

1.85 

1.67 

0.76 

T155 

17.75 

1.92 

17.17 

1.82 

4.38 

1.97 

2.00 

1.29 

\a^\ 


Army  2:  ISO  vs  HS 


▼ 


SBP 

GROUP 


DBP 

GROUP 


MAP 

GROUP 


HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

KEAN  STDERR 

T1HE 

PERIOO 

BASELINE 

143.13 

9.49 

132.43 

11.59 

100.63 

8.15 

95.29 

8.87 

114.88 

8.28 

109.29 

8.33 

BALLOON 

INFLATION 

HI. 43 

5.42 

127.57 

10.07 

97.14 

6.06 

89.29 

7.67 

111.86 

5.48 

100.04 

9.23 

EARLY 

SHOCK 

77.43 

4.50 

71.33 

3.18 

49.43 

1.43 

51.67 

3.33 

57.75 

1.36 

55.67 

1.34 

LATE  SHOCK 

76.14 

2.96 

67.50 

4.33 

48.57 

1.21 

49.50 

2.47 

56.63 

1.25 

55.24 

1.56 

T35 

94.00 

6.20 

106.14 

7.18 

49.13 

3.90 

66.43 

5.15 

64.13 

4.47 

79.76 

5.83 

T65 

109.63 

6.94 

97.14 

3.43 

76.00 

4.94 

67.57 

2.06 

87.63 

5.24 

77.33 

2.39 

T95 

107.50 

7.32 

102.71 

8.37 

72.38 

4.61 

72.86 

6.31 

83.25 

5.32 

82.50 

6.66 

T12S 

115.63 

9.61 

111.67 

8.23 

73.50 

5.65 

77.67 

7.67 

87.63 

6.53 

88.83 

7.66 

T155 

107.50 

10.73 

103.17 

6.27 

63.13 

6.12 

76.50 

11.51 

77.88 

7.13 

85.33 

9.57 

las 


Army  2:  ISO  vs  HS 

S02T 

SVR 

IVSV 

GROUP 

GROUP 

GROUP 

HS  ISO  HS  ISO  HS  ISO 


MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR  MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

TIMS 

PERIOD 

BASELINE 

470.24 

190.954 

731.87 

158.429 

3721.41 

523.229  3006.80 

481.666 

0.03 

0.004 

0.04 

0.010 

BALLOON 

INFLATION 

438.96  162.378 

640.80 

144.031 

3608.42 

562.839  3370.65 

492.988 

0.04 

0.007 

0.03 

0.008 

EARLY 

SHOCK 

145.92 

71.017 

318.19 

56.640 

4140.02 

470.365  3161.62 

440.506 

1.15 

1.142 

0.01 

0.002 

LATE  SHOCK 

288.44 

47.803 

444.05 

100.945 

3327.31 

427.411  2571.25 

423.941 

0.01 

0.002 

0.01 

0.003 

T35 

477.90 

102.925 

867.96 

47.944 

1417.20 

79.168  1051.73 

92.528 

0.02 

0.003 

0.04 

0.006 

T65 

297.00 

83.355 

595.28 

124.269 

3338.00 

427.481  1846.22 

214.958 

0.02 

0.001 

0.03 

0.004 

T95 

263.69 

79.522 

561.22 

92.589 

3880.28 

490.447  2492.08 

361.149 

0.01 

0.002 

0.03 

0.006 

T125 

319.32 

59.480 

531.43 

126.332 

4037.82 

418.369  2816.63 

569.188 

0.02 

0.003 

0.02 

0.009 

T155 

297.30 

70.375 

528.17 

84.443 

3923.69 

367.944  2858.97 

414.742 

0.01 

0.003 

0,02 

0.006 

i 


Army  2:  ISO  vs  KS 


CVP 

GROUP 


V02  RESP 

GROUP  GROUP 


HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STOERR 

MEAN  STOERR 

MEAN 

SIDERR 

MEAN 

STOERR 

KEAN 

STOERR 

KEAN  STOERR 

1  IHE 

PERIOO 

BASELINE 

-0.81 

1.48 

-2.89 

0.83 

196.94 

50.45 

232.10 

45.95 

13.00 

0.73 

14.00 

1.15 

BALLOON 

INFLATION 

-2.07 

1.82 

-3.36 

0.68 

227.16 

48.88 

210.83 

31.37 

13.14 

0.83 

13.86 

1.16 

EARLY 

SHOCK 

-3.31 

1.62 

-4.68 

0.74 

100.29 

30.55 

190.14 

25.77 

12.75 

0.88 

12.00 

1.18 

LATE  SHOCK 

-4.38 

1.46 

-5.64 

0.61 

131.91 

12.71 

211.98 

44.76 

12.68 

0.40 

12.00 

1.05 

T35 

-0.81 

1.81 

1.07 

1.17 

189.20 

25.63 

362.23 

27.68 

16.88 

0.99 

15.14 

1.32 

T65 

-3.19 

1.73 

-3.93 

0.49 

156.78 

26.47 

267.00 

48.73 

16.75 

1.01 

14.43 

1.19 

T95 

-3.50 

1.65 

■4.50 

0.72 

124.51 

31.40 

244.39 

29.02 

16.50 

1.04 

14.14 

1.24 

T12S 

•3.19 

1.71 

•4.00 

1.18 

179.61 

22.56 

180.86 

41.79 

16.00 

1.38 

15.17 

0.60 

T155 

-3.44 

1.78 

•4.08 

1.11 

146.04 

23.77 

188.00 

46.75 

15.88 

1.30 

15.50 

0.62 

|S7 


Army  2:  ISO  vs  HS 


PAC02V 

GROUP 


HGSV 

GROUP 


HS 

mean  stoerr 


ISO  »s 

mean  stoerr  mean  stderr 


ISO 

MEAN  STDERR 


PA02V 

GROUP 

HS  ISO 

mean  stderr  mean  stderr 


TIME 

PERIOO 


baseline 

49.40 

0.74 

46.36 

2.32 

14.24 

BALLOON 

INFLATION 

48.88  ' 

1.86 

46.12 

1.72 

14.06 

EARLY 

SHOCK 

50.70 

3.10 

48.10 

3.78 

12.96 

LATE  SHOCK 

59.51 

5.68 

50.71 

3.93 

13.68 

T35 

51.55 

7.35 

48.20 

3.17 

10.14 

T65 

48. SI 

2.78 

50.41 

1.38 

11.80 

T95 

52.08 

3.78 

50.57 

3.01 

12.57 

T125 

54.24 

2.00 

43.63 

2.50 

12.55 

T155 

53.33 

4.62 

44.60 

2.34 

12.63 

4 

0.86 

12.12 

1.27 

49.63 

2.74 

43.71 

2.88 

0.78 

12.80 

0.83 

49.33 

3.09 

42.00 

3.79 

0.74 

11.01 

0.93 

29.75 

1.83 

34.14 

2.96 

0.80 

11.49 

0.88 

44.14 

2.32 

38.86 

1.94 

0.83 

8.06 

0.79 

57.13 

3.89 

45.14 

2.94 

0.76 

9.76 

0.96 

44.75 

2.72 

39.57 

1.84 

0.62 

10.46 

0.97 

42.00 

2.00 

38.71 

1.92 

0.54 

10.78 

1.08 

38.88 

3.14 

43.00 

2.58 

0.60 

11.98 

0.57 

37.50 

3.45 

50.50 

6.64 

IA2 


Army  2:  ISO  vs  HS 


CEREBREAL  3LOOO  FLOW  INTRACRAM  I At  PRESSURE  CPP 


GROUP 

GROUP 

GROUP 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PER I 00 

BASELINE 

32.25 

3.31 

29.71 

2.57 

6.81 

1.34 

6.14 

1.41 

107.98 

8.28 

102.81 

8.39 

BALLOON 

INFLATION 

29.14 

3.47 

27.71 

2.98 

20.57 

0.57 

19.14 

0.82 

91.33 

5.73 

81.00 

9.65 

EARLY 

SHOCK 

8.63 

1.84 

11.86 

1.28 

20.63 

0.80 

19.79 

0.31 

37.42 

1.85 

35.89 

1.46 

LATE  SHOCK 

9.38 

2.11 

8.29 

1.61 

20.63 

0.92 

21.29 

0.80 

36.17 

2.00 

34.04 

1.20 

T35 

24.75 

3.12 

17.43 

3.08 

18.94 

1.71 

38.21 

1.91 

45.08 

4.33 

41.45 

4.19 

T65 

18.75 

2.90 

12.43 

1.94 

20.88 

3.33 

35.64 

2.09 

66.75 

6.74 

40.12 

2.48 

T95 

14.75 

2.47 

11.57 

2.40 

29.81 

5.07 

31.93 

3.13 

53.90 

6.36 

53.69 

9.45 

T125 

13.88 

2.15 

10.00 

2.03 

37.63 

4.20 

35.90 

3.86 

49.92 

6.32 

52.97 

9.97 

T155 

• 

9.13 

1.72 

8.50 

2.63 

36.19 

5.08 

33.67 

5.69 

41.79 

3.92 

51.67 

9.81 

Army  2:  ISO  vs  HS 


HAP 

CV02 

AVD02 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STDERR 

MEAN  STOERR 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIKE 

PERIOO 

BASELINE 

114.88 

8.28 

109.29 

8.33 

11.47 

1.69 

12.18 

1.20 

6.04 

0.73 

5.97 

0.56 

BALLOON 

INFLATION 

111.86 

5.48 

100.04 

9.23 

10.93 

1.60 

11.86 

1.25 

7.16 

0.89 

6.54 

0.75 

EARLY 

SHOCK 

57.75 

1.36 

55.67 

1.34 

6.44 

1.08 

6.37 

0.87 

9.61 

0.89 

10.45 

0.94 

LATE  SHOCK 

56.63 

1.25 

55.24 

1.56 

8.40 

2.10 

9.12 

0.84 

7.79 

1.10 

8.43 

0.50 

T35 

64.13 

4.47 

79.76 

5.83 

7.45 

1.66 

7.78 

0.76 

5.02 

0.34 

5.57 

0.46 

T65 

87.63 

5.24 

77.33 

2.39 

8.31 

1.24 

8.00 

0.78 

6.34 

0.97 

6.68 

0.40 

T95 

83.25 

5.32 

82.50 

6.66 

7.76 

1.78 

8.84 

0.56 

7.56 

0.66 

7.42 

0.93 

T125 

87.63 

6.53 

88.83 

7.66 

6.26 

2.03 

9.34 

0.95 

8.69 

0.97 

6.45 

1.31 

T155 

77.88 

7.13 

85.33 

9.57 

6.97 

2.40 

10.50 

1.22 

8.07 

1.33 

6.24 

1.47 

X^>o 


Army  2:  ISO  vs  US 


CMR02 

C02T 

CVS 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STOERR 

MEAN  STOERR 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR 

TIMS 

PER IOO 

BASELINE 

1.59 

0.38 

1.85 

0.08 

4.57 

1.10 

5.75 

0.56 

3.97 

0.79 

3.47 

0.35 

BALLOON 

INFLATION 

1.74 

0.33 

1.96 

0.17 

4.39 

0.78 

5.65 

0.55 

3.51 

0.56 

3.17 

0.46 

EARLY 

SHOCK 

0.71 

0.20 

1.26 

0.21 

1.17 

0.32 

2.05 

0.33 

5.69 

1.36 

3.26 

0.38 

LATE  SHOCK 

0.71 

0.26 

0.74 

0.16 

1.38 

0.51 

1.55 

0.38 

6.34 

1.98 

6.16 

2.12 

T35 

1.32 

0.32 

1.14 

0.20 

3.09 

0.71 

2.74 

0.44 

2.17 

0.48 

3.24 

0.65 

T65 

1.08 

0.33 

0.85 

0.13 

2.46 

0.70 

1.90 

0.32 

4.69 

1.21 

4.05 

1.01 

T95 

1.09 

0.34 

0.77 

0.13 

2.12 

0.67 

1.85 

0.42 

5.05 

1.33 

6.75 

3.35 

TIES 

1.13 

0.27 

0.73 

0.18 

1.86 

0.44 

1.77 

0.35 

5.10 

1.45 

4.20 

0.55 

T155 

0.82 

0.23 

0.70 

0.26 

1.46 

0.41 

1.57 

0.49 

6.13 

1.41 

11.89 

6.60 

Descriptive  Statistics 
Series  2 
ISO  vs.  HES 


ISA 


Army  2:  ISO  vs  HES 


PAC02A 

HGBA 

PA02A 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

MEAN  STOERR 

MEAN  STOERR 

MEAN  STOERR  MEAN  STOERR 

MEAN  STOERR 

MEAN  STOERR 

TIME 

PERICO 

BASELINE 

35.37 

0.71 

36.87 

0.85 

13.82 

0.82 

11.81 

1.10 

295.50 

29.74 

295.71 

34.21 

BALLOON 

INFLATION 

35.6? 

1.38 

35.73 

0.98 

13.67 

0.85 

12.60 

0.96 

306.00 

33.83 

291.40 

38.01 

EARLY 

SHOCK 

34.17 

1.94 

33.74 

1.84 

12.18 

0.73 

10.99 

0.93 

275.83 

25.71 

289.00 

39.27 

LATE  SHOCK 

41.63 

2.51 

42.97 

1.36 

12.45 

0.62 

11.41 

1.03 

274.50 

26.23 

258.33 

33.29 

T35 

41.83 

1.67 

28.61 

1.04 

10.44 

0.59 

8.26 

0.85 

289.17 

25.05 

300.57 

32.92 

T65 

37.88 

1.22 

35.67 

0.99 

10.08 

0.62 

9.62 

0.87 

290.17 

22.37 

292.00 

35.19 

T95 

36.67 

0.97 

39.44 

1.63 

10.40 

0.68 

10.37 

0.96 

292.83 

24.63 

289.00 

35.58 

T125 

36.95 

1.09 

36.52 

1.50 

10.30 

0.75 

10.65 

1.13 

293.17 

21.51 

272.50 

35.78 

T155 

38.00 

1.57 

39.34 

1.49 

10.18 

0.70 

11.92 

0.58 

287.83 

24.76 

253.00 

35.10 

Army  2:  ISO  vs  HES 


PHA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

ISO 

HES 

ISO 

KES 

ISO 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

7.39 

0.01 

7.38 

0.01 

36.85 

0.50 

37.03 

0.49 

20.83 

0.39 

18.15 

1.25 

BALLOON 

INFLATION 

7.37 

0.02 

7.38 

0.02 

36.91 

0.52 

37.07 

0.58 

20.54 

0.12 

18.39 

1.24 

EARLY 

SHOCK 

7.37 

0.04 

7.38 

0.02 

37.07 

0.51 

37.05 

0.60 

18.39 

0.32 

16.82 

1.03 

LATE  SHOCK 

7.26 

0.02 

7.27 

0.02 

37.62 

0.53 

37.47 

0.72 

18.30 

0.39 

17.55 

1.04 

T35 

7.25 

0.02 

7.22 

0.04 

37.39 

0.47 

36.81 

0.55 

15.28 

0.42 

13.34 

0.77 

T65 

7.28 

0.03 

7.26 

0.02 

37.22 

0.53 

36.93 

0.57 

14.88 

0.94 

14.68 

0.69 

T95 

7.32 

0.02 

7.24 

0.02 

37.17 

0.63 

37.21 

0.65 

15.62 

0.87 

16.26 

0.92 

T125 

7.29 

0.02 

7.25 

0.02 

37.44 

0.69 

37.82 

0.63 

15.51 

1.35 

16.33 

1.12 

T155 

7.27 

0.01 

7.26 

0.03 

37.79 

0.68 

37.89 

0.87 

15.42 

1.11 

16.75 

0.72 

Army  2:  ISO  vs  HES 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

MEAN  STOERR 

MEAN 

STOERR 

MEAN  STDERR 

MEAN 

STDERR 

KEAN 

STOERR 

MEAN  STDERR 

TIME 

PER I CO 

BASELINE 

2.89 

0.47 

3.60 

0.85 

146.17 

14.70 

132.86 

8.37 

1.00 

0.92 

2.71 

1.24 

BALLOON 

INFLATION 

2.59 

0.40 

3.09 

0.74 

137.83 

17.11 

132.86 

7.78 

1.00 

0.79 

1.50 

1.04 

EARLY 

SHOCK 

1.36 

0.15 

1.79 

0.34 

141.20 

12.88 

130.00 

7.24 

-1.08 

1.00 

0.01 

0.72 

LATE  SHOCK 

1.59 

0.12 

2.38 

0.57 

165.00 

7.42 

145.71 

8.41 

-0.25 

0.75 

-0.43 

0.69 

T35 

2.64 

0.24 

6.17 

0.54 

161.67 

8.72 

141.43 

10.33 

0.92 

0.68 

7.14 

0.91 

T65 

2.93 

0.33 

3.95 

0.72 

151.33 

12.56 

145.71 

9.97 

0.33 

0.77 

0.93 

0.64 

T95 

2.29 

0.27 

3.22 

0.62 

143.83 

14.90 

156.57 

9.68 

0.17 

1.09 

0.36 

1.02 

T125 

2.15 

0.32 

3.21 

0.71 

152.17 

14.79 

159.17 

8.98 

-0.17 

1.14 

0.75 

1.30 

T155 

1.98 

0.22 

2.88 

0.61 

156.67 

12.82 

158.00 

8.60 

0.42 

1.09 

0.33 

1.15 

\35 


Army  2:  ISO  vs  KES 


PAP1  PAP2 


GROUP  GROUP 


HES 

ISO 

HES 

ISO 

MEAN  STDERR 

MEAN  STOERR 

MEAN  STDERR 

MEAN  STDERR 

TIHE 

PERIOD 

BASELINE 

16.67 

1.20 

17.43 

1.19 

3.50 

1.18 

4.00 

2.10 

BALLOON 

INFLATION 

16.50 

1.28 

16.71 

1.19 

3.17 

1.25 

3.21 

1.91 

EARLY 

SHOCK 

11.17 

1.25 

12.00 

0.69 

0.33 

1.17 

0.14 

1.06 

LATE  SHOCK 

12.50 

1.15 

13.71 

0.57 

2.00 

0.93 

0.86 

1.14 

T35 

17.33 

1.02 

25.71 

1.17 

4.67 

0.95 

5.71 

1.39 

T65 

17.50 

0.96 

18.14 

0.99 

4.17 

0.95 

1.43 

1.21 

T95 

15.83 

1.01 

17.14 

1.35 

3.17 

1.08 

1.71 

1.48 

T125 

15.00 

1.77 

18.00 

1.84 

2.83 

1.11 

1.67 

0.76 

T155 

16.17 

* 

1.78 

17.17 

1.82 

3.17 

1.14 

2.00 

1.29 

Army  2:  ISO  vs  HES 


y y 


SBP  DBP  MAP 

GROUP  GROUP  GROUP 


HES 

ISO 

HES 

ISO 

HES 

ISO 

MEAN 

STOERR 

MEAN  STOERR 

MEAN  STOERR 

MEAN 

STOERR 

MEAN  STOERR 

MEAN  STOERR 

TIME 

PERIOO 

BASEL! ME 

157.50 

6.55 

132.43 

11.59 

111.33 

3.84 

95.29 

8.87 

126.67 

4.54 

109.29 

8.33 

BALLOON 

INFLATION 

153.17 

6.20 

127.57 

10.07 

112.17 

3.17 

89.29 

7.67 

125.67 

4.14 

100.04 

9.23 

EARLY 

SHOCK 

78.50 

1.50 

71.33 

3.18 

49.00 

6.00 

51.67 

3.33 

56.17 

1.17 

55.67 

1.34 

LATE  SHOCK 

67.67 

11.20 

67.50 

4.33 

50.33 

2.33 

49.50 

2.47 

54.33 

2.78 

55.24 

1.56 

T35 

93.33 

8.13 

106.14 

7.18 

63.33 

3.57 

66.43 

5.15 

73.17 

4.92 

79.76 

5.83 

T65 

132.50 

7.04 

97.14 

3.43 

89.50 

5.09 

67.57 

2.06 

103.83 

5.40 

77.33 

2.39 

T95 

138.33 

6.67 

102.71 

8.37 

91.67 

3.80 

72.86 

6.31 

110.00 

4.15 

82.50 

6.66 

T125 

121.83 

11.03 

111.67 

8.23 

78.33 

6.91 

77.67 

7.67 

96.17 

6.18 

88.83 

7.66 

T155 

108.67 

9.60 

103.17 

6.27 

73.60 

6.16 

76.50 

11.51 

81.83 

7.32 

85.33 

9.57 

v*n- 


Army  2:  ISO  vs  HES 


S02T 

SVR 

LVSU 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES  ISO 

HES 

ISO 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN  STOERR  MEAN 

STDERR 

MEAN 

STDERR  MEAN 

STDERR 

TIKE 

PERIOD 

BASELINE 

814.17 

59.940 

731.87 

158.429 

4078.13  599.078  3006.80 

481.666 

0.03 

0.006 

0.04 

0.010 

BALLOON 

INFLATION 

681.82 

10.065 

640.80 

144.031 

4469.84  630.797  3370.65 

492.988 

0.03 

0.004 

0.03 

0.008 

EARLY 

SHOCK 

317.28 

13.330 

318.19 

56.640 

4352.77  435.934  3161.62 

440.506 

0.01 

0.001 

0.01 

0.002 

LATE  SHOCK 

306.61 

31.184 

444.05 

100.945 

3087.25  204.000  2571.25 

423.941 

0.01 

0.001 

0.01 

0.003 

T35 

450.29 

59.021 

867.96 

47.944 

2424.51  214.839  1051.73 

92.528 

0.02 

0.003 

0.04 

0.006 

T65 

497.14 

46.125 

595.28 

124.269 

3068.42  256.811  1846.22 

214.958 

0.03 

0.005 

0.03 

0.004 

T95 

404.81 

41.922 

561.22 

92.589 

4253.81  491.527  2492.08 

361.149 

0.03 

0.005 

0.03 

0.006 

T125 

349.14 

50.569 

531.43 

126.332 

4150.14  684.954  2816.63 

569.188 

0.02 

0.006 

0.02 

0.009 

T155 

300.52 

35.031 

528.17 

84.443 

3536.40  166.007  2858.97 

414.742 

0.02 

0.004 

0.02 

0.006 

'•=.g 


Army  2:  ISO  vs  HES 


CVP 

V02 

RESP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

HEAN 

STDERR 

HEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

-4.00 

0.88 

-2.89 

0.83 

266.53 

26.92 

232.10 

45.95 

14.50 

0.96 

14.00 

1.15 

BALLOON 

INFLATION 

-3.42 

0.94 

-3.36 

0.68 

217.67 

25.29 

210.83 

31.37 

13.50 

1.02 

13.86 

1.16 

EARLY 

SHOCK 

-5.33 

0.95 

-4.68 

0.74 

192.40 

14.76 

190.14 

25.77 

12.67 

0.71 

12.00 

1.18 

LATE  SHOCK 

-5.58 

0.77 

-5.64 

0.61 

134.26 

8.28 

211.98 

44.76 

12.17 

0.83 

12.00 

1.05 

T35 

-4.42 

0.91 

1.07 

1.17 

188.48 

26.53 

362.23 

27.68 

15.00 

1.10 

15.14 

1.32 

T65 

-4.17 

0.60 

-3.93 

0.49 

148.12 

35.47 

267.00 

48.73 

16.00 

1.18 

14.43 

1.19 

T95 

-4.33 

0.70 

-4.50 

0.72 

143.34 

20.47 

244.39 

29.02 

16.67 

1.20 

14.14 

1.24 

T125 

-4.63 

0.75 

-4.00 

1.18 

137.21 

11.58 

180.86 

41.79 

15.83 

1.30 

15.17 

0.60 

T155 

-5.00 

0.72 

-4.08 

1.11 

108.42 

44.72 

188.00 

46.75 

17.50 

1.15 

15.50 

0.62 

\^q 


Army  2:  ISO  vs  HES 


PAC02V 

HGBV 

GROUP 

GROUP 

PA02V 

GROUP 


HES 

ISO 

HES 

ISO 

HES 

ISO 

MEAN 

STDERR 

MEAN  STDERR 

MEAN  STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR 

TIME 

PER ICO 

8ASEIINE 

45.67 

1.24 

46.36 

2.32 

13.72 

0.86 

12.12 

1.27 

43.33 

1.58 

43.71 

2.88 

BALLOON 

INFLATION 

43.93 

2.85 

46.12 

1.72 

13.83 

0.79 

12.80 

0.83 

40.25 

3.98 

42.00 

3.79 

EARLY 

SHOCK 

48.60 

4.63 

48.10 

3.78 

12.64 

0.86 

11.01 

0.93 

34.00 

4.00 

34.14 

2.96 

LAY  E  SHOCK 

50.52 

4.44 

50.71 

3.93 

12.58 

0.74 

11.49 

0.88 

37.60 

2.48 

38.86 

1.94 

T35 

55.67 

4.14 

48.20 

3.17 

10.98 

0.58 

8.06 

0.79 

41.33 

1.15 

45.14 

2.94 

T65 

51.97 

2.96 

50.41 

1.38 

10.70 

0.61 

9.76 

0.96 

41.67 

2.59 

39.57 

1.84 

T95 

49.28 

2.95 

50.57 

3.01 

10.48 

0.64 

10.46 

0.97 

38.67 

2.73 

38.71 

1.92 

T125 

52.62 

3.57 

43.63 

2.50 

10.78 

0.82 

10.78 

1.08 

39.50 

1.18 

43.00 

2.58 

T155 

56.65 

3.04 

44.60 

2.34 

10.43 

0.67 

11.98 

0.57 

37.67 

4.07 

50.50 

6.64 

Army  2:  ISO  vs  HES 


CEREBREAL 

BLOOO  FLOW 

INTRACRANIAL 

PRESSURE 

CPP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

HEAN  STDERR 

HEAN  STDERR 

HEAN  STDERR 

MEAN  STDERR 

HEAN  STDERR 

MEAN  STDERR 

TIME 

PERIOD 

BASELINE 

28.67 

2.42 

29.71 

2.57 

6.08 

1.62 

6.14 

1.41 

120.64 

4.17 

102.81 

8.39 

BAUOON 

INFLATION 

27.17 

2.17 

27.71 

2.98 

20.00 

0.00 

19.14 

0.82 

105.72 

4.14 

81.00 

9.65 

EARLY 

SHOCK 

9.67 

2.08 

11.86 

1.28 

19.83 

0.54 

19.79 

0.31 

36.44 

1.30 

35.89 

1.46 

LATE  SHOCK 

8.50 

1.26 

8.29 

1.61 

19.33 

0.33 

21.29 

0.80 

35.00 

2.74 

34.04 

1.20 

T35 

13.67 

2.51 

17.43 

3.08 

24.83 

0.79 

38.21 

1.91 

48.44 

4.64 

41.45 

4.19 

T65 

17.50 

3.32 

12.43 

1.94 

31.33 

3.61 

35.64 

2.09 

72.64 

5.98 

40.12 

2.48 

T95 

17.17 

2.77 

11.57 

2.40 

34.25 

4.07 

31.93 

3.13 

76.22 

6.37 

53.69 

9.45 

T12S 

13.50 

3.36 

10.00 

2.03 

31.92 

4.10 

35.90 

3.86 

64.25 

7.53 

52.97 

9.97 

T155 

9.00 

2.44 

8.50 

2.63 

30.33 

6.15 

33.67 

5.69 

51.50 

7.20 

51.67 

9.81 

Army  2:  ISO  v*  RES 


MAP 

CV02 

AVD02 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

TIME 

PERIOD 

BASELINE 

126.67 

4.54 

109.29 

8.33 

14.02 

0.07 

12.18 

1.20 

6.81 

0.39 

5.97 

0.56 

BALLOON 

INFLATION 

125.67 

4.14 

100.04 

9.23 

14.15 

0.37 

11.86 

1.25 

6.55 

0.70 

6.54 

0.75 

EARLY 

SHOCK 

56.17 

1.17 

55.67 

1.34 

8.45 

1.39 

6.37 

0.87 

9.94 

1.70 

10.45 

0.94 

LATE  SHOCK 

54.33 

2.78 

55.24 

1.56 

10.03 

1.00 

9.12 

0.84 

8.27 

1.24 

8.43 

0.50 

T35 

73.17 

4.92 

79.76 

5.83 

8.89 

0.11 

7.78 

0.76 

6.38 

0.32 

5.57 

0.46 

T65 

103.83 

5.40 

77.33 

2.39 

10.05 

0.84 

8.00 

0.78 

4.83 

1.55 

6.68 

0.40 

T95 

110.00 

4.15 

82.50 

6.66 

9.72 

0.68 

8.84 

0.56 

5.91 

1.50 

7.42 

0.93 

T125 

96.17 

6.18 

88.83 

7.66 

9.14 

0.40 

9.34 

0.95 

6.36 

1.22 

6.45 

1.31 

T155 

81.83 

7.32 

85.33 

9.57 

9.74 

1.85 

10.50 

1.22 

4.72 

0.86 

6.24 

1.47 

Army  2:  ISO  vs  HES 


CMR02 

C02T 

CVR 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

TIME 

PERIOD 

BASELINE 

1.94 

0.42 

1 .85 

0.08 

5.87 

1.07 

5.75 

0.56 

4.46 

0.45 

3.47 

0.35 

BALLOON 

INFLATION 

1.83 

0.20 

1.96 

0.17 

5.75 

0.03 

5.65 

0.55 

3.97 

0.20 

3.17 

0.46 

EARLY 

SHOCK 

1.06 

0.36 

1.26 

0.21 

2.01 

0.65 

2.05 

0.33 

4.92 

1.28 

3.26 

0.38 

LATE  SHOCK 

0.90 

0.26 

0.74 

0  16 

1.90 

0.34 

1.55 

0.38 

4.65 

0.79 

6.16 

2.12 

T35 

1.21 

0.06 

1.14 

0.20 

2.90 

0.11 

2.74 

0.44 

4.25 

1.00 

3.24 

0.65 

T65 

1.12 

0.33 

0.85 

0.13 

3.61 

0.34 

1.90 

0.32 

4.88 

0.83 

4,05 

1.01 

T95 

1.31 

0.26 

0.77 

0.13 

3.57 

0.13 

1.85 

0.42 

4.94 

0.75 

6.75 

3.35 

T125 

1.27 

0.15 

0.73 

0.18 

3.16 

0.06 

1.77 

0.35 

6.51 

1.89 

4.20 

0.55 

T155 

0.66 

0.01 

0.70 

0.26 

2.17 

0.29 

1.57 

0.49 

10.57 

4.32 

11.89 

6.60 

\43> 


Descriptive  Statistics 
Series  2 
HES  vs.  HS 


Army  2:  H$  vs  HES 


PAC02A 

HGBA 

PA02A 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

MEAN  STDERR  KEAN  STOERR  MEAN  STOERR  MEAN  STOERR  KEAN  STDERR  MEAN  STGERR 


PERIOO 


BASELINE 

35.37 

0.71 

38.48 

0.85 

13.82 

0.82 

14.33 

0.64 

295.50 

29.74 

254.94 

32.73 

BALLOON 

INFLATION 

35.62 

1.38 

39.60 

1.17 

13.67 

0.85 

14.28 

0.63 

306.00 

33.83 

275.83 

31.16 

EARLY 

SHOCK 

34.17 

1.94 

32.29 

1.66 

12.18 

0.73 

12.19 

0.76 

275.83 

25.71 

208.75 

27.06 

LATE  SHOCK 

41.63 

2.51 

41.53 

1.99 

12.45 

0.62 

12.54 

0.67 

274.50 

26.23 

210.75 

29.07 

T35 

41.83 

1.67 

52.35 

2.53 

10.44 

0.59 

9.70 

0.79 

289.17 

25.05 

241.63 

27.17 

T65 

37.88 

1.22 

37.78 

0.73 

10.08 

0.62 

11.35 

0.76 

290.17 

22.37 

231.63 

27.77 

T95 

36.67 

0.97 

39.60 

0.90 

10.40 

0.68 

12.40 

0.51 

292.83 

24.63 

246.25 

30.60 

T125 

36.95 

1.09 

37.51 

0.76 

10.30 

0.75 

12.10 

0.64 

293.17 

21.51 

241.13 

27.37 

T155 

38.00 

1.57 

38.23 

1.24 

10.18 

0.70 

12.21 

0.58 

287.83 

24.76 

237.00 

24.45 

H5 


Army  2:  HS  vs  HES 


PKA 

TEMP 

CA02 

CROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

MEAN  STOERR  HEAN 

STOERR 

MEAN  STOERR 

MEAN 

STOERR 

MEAN  STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

7.39 

0.01 

7.36 

0.01 

36.85 

0.50 

38.19 

0.25 

20.83 

0.39 

17.52 

2.00 

BALLOON 

INFLATION 

7.37 

0.02 

7.35 

0.01 

36.91 

0.52 

38.20 

0.35 

20.54 

0.12 

18.09 

1.89 

EARLY 

SHOCK 

7.37 

0.04 

7.37 

0.01 

37.07 

0.51 

38.33 

0.36 

18.39 

0.32 

16.05 

1.59 

LATE  SHOCK 

7.26 

0.02 

7.24 

0.03 

37.62 

0.53 

39.12 

0.28 

18.30 

0.39 

16.20 

1.69 

T35 

7.25 

0.02 

7.14 

0.03 

37.39 

0.47 

38.70 

0.19 

15.28 

0.42 

12.46 

1.86 

T65 

7.28 

0.03 

7.23 

0.02 

37.22 

0.53 

38.90 

0.17 

14.88 

0.94 

14.65 

1.94 

T95 

7.32 

0.02 

7.24 

0.02 

37.17 

0.63 

39.24 

0.23 

15.62 

0.87 

15.32 

1.60 

T125 

7.29 

0.02 

7.22 

0.03 

37.44 

0.69 

39.38 

0.25 

15.51 

1.35 

14.95 

1.75 

T155 

7.27 

0.01 

7.21 

0.04 

37.79 

0.68 

39.30 

0.35 

15.42 

1.11 

15.04 

1.68 

I M  U 


Army  2:  HS  vs  HES 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

HEAN  STDERR 

HEAN 

STOERR 

HEAN 

STDERR 

HEAN 

STDERR 

KEAN 

STOERR  KEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

2.89 

0.47 

2.72 

0.29 

146.17 

14.70 

121.25 

6.39 

1.00 

0.92 

3.63 

1.80 

BALLOON 

INFLATION 

2.59 

0.40 

2.80 

0.37 

137.83 

17.11 

116.67 

6.15 

1.00 

0.79 

2.57 

1.89 

EARLY 

SHOCK 

1.36 

0.15 

1.35 

0.13 

141.20 

12.88 

121.38 

7.64 

-1.08 

1.00 

1.25 

1.63 

LATE  SHOCK 

1.59 

0.12 

1.60 

0.16 

165.00 

7.42 

147.50 

9.40 

-0.25 

0.75 

1.13 

1.50 

T35 

2.64 

0.24 

3.66 

0.19 

161.67 

8.72 

131.57 

6.91 

0.92 

0.68 

3.25 

1.92 

T65 

2.93 

0.33 

2.29 

0.16 

151.33 

12.56 

150.00 

5.35 

0.33 

0.77 

2.14 

1.78 

T95 

2.29 

0.27 

1.97 

0.22 

143.83 

14.90 

160.50 

6.27 

0.17 

1.09 

2.07 

1.69 

T125 

2.15 

0.32 

1.93 

0.22 

152.17 

14.79 

160.00 

9.06 

-0.17 

1.14 

2.50 

1.82 

T155 

1.98 

0.22 

1.78 

0.24 

156.67 

12.82 

166.63 

8.06 

0.42 

1.09 

2.21 

1.85 

Hi 


T 


Army  2:  HS  vs  HES 


PAP1 

GROUP 

PAP2 

GROUP 

HES 

HS 

HES 

HS 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

16.67 

1.20 

19.88 

1.92 

3.50 

1.18 

5.75 

1.67 

BALLOON 

INFLATION 

16. SO 

1.28 

19.43 

2.31 

3.17 

1.25 

4.57 

2.30 

EARLY 

SHOCK 

11.17 

1.25 

12.63 

1.66 

0.33 

1.17 

1.88 

1.82 

LATE  SHOCK 

12. SO 

1.15 

14.63 

1.61 

2.00 

0.93 

3.13 

1.89 

T35 

17.33 

1.02 

24.75 

1.91 

4.67 

0.95 

5.63 

2.60 

T65 

17.50 

0.96 

16.38 

1.34 

4.17 

0.95 

2.88 

1.64 

T95 

15.83 

1.01 

53.63 

36.64 

3.17 

1.08 

3.25 

1.85 

T12S 

15.00 

1.77 

18.00 

1.67 

2.83 

1.11 

3.63 

1.85 

T155 

16.17 

1.78 

17.75 

1.92 

3.17 

1.14 

4.38 

1.97 

4 
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Army  2: 


HS  vs  HES 


SBP 

GROUP 

HES  HS 


TIME 

PER  1 00 

KEAN 

STDERR 

MEAN 

STOERR 

MEAN 

BASELINE 

108.83 

7.70 

108.33 

5.80 

10.31 

MID  SHOCK 

55.50 

0.50 

55.00 

1.51 

5.96 

RO 

EARLY 

84.50 

4.64 

78.50 

8.01 

5.90 

SHOCK 

78.50 

1.50 

77.43 

4.50 

49.00 

LATE  SHOCK 

67.67 

11.20 

76.14 

2.96 

50.33 

T35 

93.33 

8.13 

94.00 

6.20 

63.33 

T65 

132.50 

7.04 

109.63 

6.94 

89.50 

T95 

138.33 

6.67 

107.50 

7.32 

91.67 

T125 

121.83 

11.03 

115.63 

9.61 

78.33 

T155 

108.67 

9.60 

107.50 

10.73 

73.60 

OBP 

MAP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

2.08 

9.80 

0.90 

4.65 

0.58 

4.91 

0.68 

1.03 

6.24 

0.58 

6.48 

0.72 

7.03 

0.59 

0.73 

5.97 

0.50 

3.84 

0.42 

4.85 

0.37 

6.00 

49.43 

1.43 

56.17 

1.17 

57.75 

1.36 

2.33 

48.57 

1.21 

54.33 

2.78 

56.63 

1.25 

3.57 

49.13 

3.90 

73.17 

4.92 

64.13 

4.47 

5.09 

76.00 

4.94 

103.83 

5.40 

87.63 

5.24 

3.80 

72.38 

4.61 

110.00 

4.15 

83.25 

5.32 

6.91 

73.50 

5.65 

96.17 

6.18 

87.63 

6.53 

6.16 

63.13 

6.12 

81.83 

7.32 

77.88 

7.13 

Army  2:  HS  vs  HES 


S02T 

SVR 

LVSW 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES  HS 

HES 

HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN  STDERR  MEAN 

STDERR 

MEAN 

STDERR  MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

814.17 

59.940 

470.24 

190.954 

4078.13  599.078  3721.41 

523.229 

0.03 

0.006 

0.03 

0.004 

BALLOON 

INFLATION 

681.82 

10.065 

438.96 

162.378 

4469.84  630.797  3608.42 

562.839 

0.03 

0.004 

0.04 

0.007 

EARLY 

SHOCK 

317.28 

13.330 

145.92 

71.017 

4352.77  435.934  4140.02 

470.365 

0.01 

0.001 

1.15 

1.142 

LATE  SHOCK 

306.61 

31.184 

288.44 

47.803 

3087.25  204.000  3327.31 

427.411 

0.01 

0.001 

0.01 

0.002 

T35 

450.29 

59.021 

477.90 

102.925 

2424.51  214.839  1417.20 

79.168 

0.02 

0.003 

0.02 

0.003 

T65 

497.14 

46.125 

297.00 

83.355 

3068.42  256.811  3338.00 

427.481 

0.03 

0.005 

0.02 

0.001 

T95 

404.81 

41.922 

263.69 

79.522 

4253.81  491.527  3880.28 

490.447 

0.03 

0.005 

0.01 

0.002 

T125 

349.14 

50.569 

319.32 

59.480 

4150.14  684.954  4037.82 

418.369 

0.02 

0.006 

0.02 

0.003 

T155 

300.52 

35.031 

297.30 

70.375 

3536.40  166.007  3923.69 

367.944 

0.02 

0.004 

0.01 

0.003 

Army  2:  HS  vs  HES 
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CVP  V02  RESP 

GROUP  GROUP  GROUP 


HES 

HS 

HES 

HS 

HES 

HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

-4.00 

0.88 

-0.81 

1.48 

266.53 

26.92 

196.94 

50.45 

14.50 

0.96 

13.00 

0.73 

BALLOON 

INFLATION 

-3.42 

0.94 

-2.07 

1.82 

217.67 

25.29 

227.16 

48.88 

13.50 

1.02 

13.14 

0.83 

EARLY 

SHOCK 

-5.33 

0.95 

-3.31 

1.62 

192.40 

14.76 

100.29 

30.55 

12.67 

0.71 

12.75 

0.88 

LATE  SHOCK 

-5.58 

0.77 

-4.38 

1.46 

134.26 

8.28 

131.91 

12.71 

12.17 

0.83 

12.88 

0.40 

T35 

-4.42 

0.91 

-0.81 

1.81 

188.48 

26.53 

189.20 

25.63 

15.00 

1.10 

16.88 

0.99 

T65 

-4.17 

0.60 

•3.19 

1.73 

148.12 

35.47 

156.78 

26.47 

16.00 

1.18 

16.75 

1.01 

T95 

-4.33 

0.70 

-3.50 

1.65 

143.34 

20.47 

124.51 

31.40 

16.67 

1.20 

16.50 

1.04 

T125 

-4.63 

0.75 

-3.19 

1.71 

137.21 

11.58 

179.61 

22.56 

15.83 

1.30 

16.00 

1.38 

T1S5 

-5.00 

0.72 

-3.44 

1.78 

108.42 

44,72 

146.04 

23.77 

17.50 

1.15 

15.88 

1.30 

\5I 


Army  2:  HS  vs  HES 


yiJ/e7f 


PAC02V 

HGBV 

PA02V 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

MEAN  STDERR 

MEAN 

STOERR 

MEAN  STOERR 

MEAN 

STDERR 

KEAN 

STOERR 

KEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

45.67 

1.24 

49.40 

0.74 

13.72 

0.86 

14.24 

0.86 

43.33 

1.58 

49.63 

2.74 

BALLOON 

INFLATION 

43.93 

2.85 

48.88 

1.86 

13.83 

0.79 

14.06 

0.78 

40.25 

3.98 

49.33 

3.09 

EARLY 

SHOCK 

48.60 

4.63 

50.70 

3.10 

12.64 

0.86 

12.96 

0.74 

34.00 

4.00 

29.75 

1.83 

LATE  SHOCK 

50.52 

4.44 

59.51 

5.68 

12.58 

0.74 

13.68 

0.80 

37.60 

2.48 

44.14 

2.32 

T3S 

55.67 

4.14 

51.55 

7.35 

10.98 

0.58 

10.14 

0.83 

41.33 

1.15 

57.13 

3.89 

T65 

51.97 

2.96 

48.51 

2.78 

10.70 

0.61 

11.80 

0.76 

41.67 

2.59 

44.75 

2.72 

T95 

49.28 

2.95 

52.08 

3.78 

10.48 

0.64 

12.57 

0.62 

38.67 

2.73 

42.00 

2.00 

T125 

52.62 

3.57 

54.24 

2.00 

10.78 

0.82 

12.55 

0.54 

39.50 

1.18 

38.88 

3.14 

T155 

56.65 

3.04 

53.33 

4.62 

10.43 

0.67 

12.63 

0.60 

37.67 

4.07 

37.50 

3.45 

1  5^- 


CEREBREAL  BLOOD  FLOW 


INTRACRANIAL  PRESSURE 


CPP 


GROUP  GROUP  GROUP 


HES 

HS 

HES 

HS 

HES 

HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

HEAN  STDERR 

MEAN  STDERR 

TIME 

PERIOO 

BASELINE 

28.67 

2.42 

32.25 

3.81 

6.08 

1.62 

6.81 

1.34 

120.64 

4.17 

107.98 

8.28 

BALLOON 

INFLATION 

27.17 

2.17 

29.14 

3.47 

20.00 

0.00 

20.57 

0.57 

105.72 

4.14 

91.33 

5.73 

EARLY 

SHOCK 

9.67 

2.08 

8.63 

1.84 

19.83 

0.54 

20.63 

0.80 

36.44 

1.30 

37.42 

1.85 

LATE  SHOCK 

8.50 

1.26 

9.38 

2.11 

19.33 

0.33 

20.63 

0.92 

35.00 

2.74 

36.17 

2.00 

T35 

13.67 

2.51 

24.75 

3.12 

24.83 

0.79 

18.94 

1.71 

48.44 

4.64 

45.08 

4.33 

T65 

17.50 

3.32 

18.75 

2.90 

31.33 

3.61 

20.88 

3.33 

72.64 

5.98 

66.75 

6.74 

T95 

17.17 

2.77 

14.75 

2.47 

34.25 

4.07 

29.81 

5.07 

76.22 

6.37 

53.90 

6.36 

T125 

13.50 

3.36 

13.88 

2.15 

31.92 

4.10 

37.63 

4.20 

64.2S 

7.53 

49.92 

6.32 

T155 

9.00 

2.44 

9.13 

1.72 

30.33 

6.15 

36.19 

5.08 

51.50 

7.20 

41.79 

3.92 

* 

I  63 


A r*ty  2:  HS  v*  HES 


(fij 


HAP 

CV02 

AVD02 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

MEAN 

STOERR 

TIKE 

PER IOO 

BASELINE 

126.67 

4.54 

114.88 

8.28 

14.02 

0.07 

11.47 

1.69 

6.81 

0.39 

6.04 

0.73 

BALLOON 

INFLATION 

125.67 

4.14 

111.86 

5.48 

14.15 

0.37 

10.93 

1.60 

6.55 

0.70 

7.16 

0.89 

EARLY 

SHOCK 

56.17 

1.17 

57.75 

1.36 

8.45 

1.39 

6.44 

1.08 

9.94 

1.70 

9.61 

0.89 

LATE  SHOCK 

54.33 

2.78 

56.63 

1.25 

10.03 

1.00 

8.40 

2.10 

8.27 

1.24 

7.79 

1.10 

T3S 

73.17 

4.92 

64.13 

4.47 

8.89 

0.11 

7.45 

1.66 

6.38 

0.32 

5.02 

0.34 

T65 

103.83 

5.40 

87.63 

5.24 

10.05 

0.84 

8.31 

1.24 

4.83 

1.55 

6.34 

0.97 

T95 

110.00 

4.15 

83.25 

5.32 

9.72 

0.68 

7.76 

1.78 

5.91 

1.50 

7.56 

0.66 

T125 

96.17 

6.18 

87.63 

6.53 

9.14 

0.40 

6.26 

2.03 

6.36 

1.22 

8.69 

0.97 

T1S5 

81.83 

7.32 

77.88 

7.13 

9.74 

1.85 

6.97 

2.40 

4.72 

0.86 

8.07 

1.33 

154 
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CHR02 

C02T 

CVR 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

MEAN  STDERR  MEAN 

STDERR 

MEAN  STDERR  MEAN 

STDERR 

MEAN  STDERR  MEAN 

STDERR 

TIME 

PER  1 00 

BASELINE 

1.94 

0.42 

1.59 

0.38 

5.87 

1.07 

4.57 

1.10 

4.46 

0.45 

3.97 

0.79 

BALLOON 

INFLATION 

1.83 

0.20 

1.74 

0.33 

5.75 

0.03 

4.39 

0.78 

3.97 

0.20 

3.51 

0.56 

EARLY 

SHOCK 

1.06 

0.36 

0.71 

0.20 

2.01 

0.65 

1.17 

0.32 

4.92 

1.28 

5.69 

1.36 

LATE  SHOCK 

0.90 

0.26 

0.71 

0.26 

1.90 

0.34 

1.38 

0.51 

4.65 

0.79 

6.34 

1.98 

T35 

1.21 

0.06 

1.32 

0.32 

2.90 

0.11 

3.09 

0.71 

4.25 

1.00 

2.17 

0.48 

T65 

1.12 

0.33 

1.08 

0.33 

3.61 

0.34 

2.46 

0.70 

4.88 

0.83 

4.69 

1.21 

T95 

1.31 

0.26 

1.09 

0.34 

3.57 

0.13 

2.12 

0.67 

4.94 

0.75 

5.05 

1.33 

T125 

1.27 

0.15 

1.13 

0.27 

3.16 

0.06 

1.86 

0.44 

6.51 

1.89 

5.10 

1.45 

T155 

0.66 

0.01 

0.82 

0.23 

2.17 

0.29 

1.46 

0.41 

10.57 

4.32 

6.13 

1.41 

16S 


Descriptive  Statistics 
Series  2 
HS  vs.  IiES/HS 


Array  2 


HS/HES  Y»  HS 


BALLOON 

BASELINE  INFLATION  EARLY  SHOCK  LATE  SHOCK 


MEAN 

STD- 

ERR 

MEAN 

STD- 

ERR 

MEAN 

STD- 

ERR 

MEAN 

STD- 

ERR 

PA*  «0- 

CO-  UP 

2A 

NE5- 

/HS 

38.3 

1.1 

36.7 

0.7 

33.0 

1.5 

43.4 

1.7 

NS 

38.5 

0.9 

39.6 

1.2 

32.3 

1.7 

41.5 

2.0 

HG-  HES* 

BA  /HS 

15.0 

0.8 

14.9 

0.8 

13.7 

0.7 

13.6 

0.6 

HS 

14.3 

0.6 

14.3 

0.6 

12.2 

0.8 

12.5 

0.7 

PA*  HES- 

02A  /HS 

266.6 

17.8 

257.7  16.0 

248.7 

19.5 

242.6 

19.6 

HS 

254.9  32.7 

275.8  31.2 

208.8 

27.1 

210.8 

29.1 

PHA  HES- 

/HS 

7.4 

0.0 

7.4 

0.0 

7.4 

0.0 

7.3 

0.0 

HS 

7.4 

0.0 

7.4 

0.0 

7.4 

0.0 

7.2 

0.0 

TE-  HES- 

HP  /HS 

37.6 

0.4 

37.5 

0.4 

37.6 

0.5 

37.9 

0.5 

HS 

38.2 

0.2 

38.2 

0.4 

38.3 

0.4 

39.1 

0.3 

HAP  HES* 

/HS 

128.1 

9.9 

118.6 

11.4 

53.3 

0.9 

51.1 

3.6 

HS 

114.9 

8.3 

111.9 

5.5 

57.8 

1.4 

56.6 

1.3 

CO  HES* 

/HS 

2.7 

0.3 

2.4 

0.3 

1.4 

0.2 

1.5 

0.2 

HS 

2.7 

0.3 

2.8 

0.4 

1.3 

0.1 

1.6 

0.2 

PA*  HES* 

OP  /HS 

1.6 

0.8 

1.3 

0.7 

0.1 

1.0 

-0.4 

0.9 

IIS 

3.6 

1.8 

2.6 

1.9 

1.3 

1.6 

1.1 

1.5 

NTIME 


T35 

T65 

T95 

T125 

T155 

STD- 

STD- 

STD- 

STD- 

STD- 

MEAN  ERR 

MEAN  ERR 

MEAN  ERR 

MEAN  ERR 

MEAN  ERR 

44.6 

1.4 

37.1 

0.6 

37.9 

1.1 

36.9 

0.7 

38.4 

1.5 

52.4 

2.5 

37.8 

0.7 

39.6 

0.9 

37.5 

0.8 

38.2 

1.2 

10.1 

0.6 

11.2 

0.5 

11.5 

0.6 

11.4 

0.5 

11.8 

0.5 

9.7 

0.8 

11.4 

0.8 

12.4 

0.5 

12.1 

0.6 

12.2 

0.6 

260.7 

18.8 

270.3 

20.5 

265.0 

20.7 

259.4 

21.3 

263.4 

26.3 

241.6  27.2 

231.6 

27.8 

246.3 

30.6 

241.1 

27.4 

237.0  24.4 

7.2 

0.0 

7.3 

0.0 

7.3 

0.0 

7.3 

0.0 

7.3 

0.0 

7.1 

0.0 

7.2 

0.0 

7.2 

0.0 

7.2 

0.0 

7.2 

0.0 

37.6 

0.5 

37.6 

0.5 

37.7 

0.6 

38.1 

0.6 

37.7 

0.7 

38.7 

0.2 

38.9 

0.2 

39.2 

0.2 

39.4 

0.2 

39.3 

0.4 

72.9 

4.1 

108.6 

8.4 

105.9 

10.5 

97.4 

14.2 

89.8 

9.5 

64.1 

4.5 

87.6 

5.2 

83.3 

5.3 

87.6 

6.5 

77.9 

7.1 

3.3 

0.5 

2.4 

0.3 

2.3 

0.4 

2.0 

0.4 

2.4 

0.4 

3.7 

0.2 

2.3 

0.2 

2.0 

0.2 

1.9 

0.2 

1.8 

0.2 

1.3 

1.4 

0.6 

0.6 

0.5 

0.4 

-0.9 

0.8 

-0.6 

0.6 

3.3 

1.9 

2.1 

1.8 

2.1 

1.7 

2.5 

1.8 

2.2 

1.9 

\S1 


(CONTINUED) 
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A rw/  2:  HS/HES  v*  NS 


BAUOON 

BASELINE  INFLATION  EARLY  SHOCK  LATE  SHOCK 

STO-  STD-  STD-  STD' 

KEAN  ERR  KEAN  ERR  KEAN  ERR  KEAN  ERR 


PA-  GRO- 
CO-  UP 
2V 


NES- 

/HS 

45.4 

1.6 

45.2 

1.0 

45.6 

2.6 

56.9 

1.9 

HS 

49.4 

0.7 

48.9 

1.9 

50.7 

3.1 

59.5 

5.7 

HG-  NES- 

BV  /HS 

15.1 

0.8 

15.0 

0.7 

13.4 

0.8 

14.0 

0.6 

NS 

14.2 

0.9 

14.1 

0.8 

13.0 

0.7 

13.7 

0.8 

PA-  HES- 

02V  /HS 

46.7 

1.8 

46.0 

2.8 

31.0 

2.4 

37.8 

1.3 

HS 

49.6 

2.7 

49.3 

3.1 

29.8 

1.8 

44.1 

2.3 

NT  IKE 

T35  T65  T95  T125  T155 


STD- 

STD- 

STD- 

STD- 

STD- 

HEAM  ERR 

KEAN  ERR 

KEAN  ERR 

KEAN  ERR 

MEAN  ERR 

57.5 

1.3 

46.1 

1.6 

49.4 

1.7 

50.5 

2.2 

55.5 

5.7 

51.6 

7.4 

48.5 

2.8 

52.1 

3.8 

54.2 

2.0 

53.3 

4.6 

11.4 

0.4 

11.5 

0.4 

11.6 

0.5 

11.9 

0.4 

11.6 

0.4 

10.1 

0.8 

11.8 

0.8 

12.6 

0.6 

12.6 

0.5 

12.6 

0.6 

47.6 

1.4 

37.3 

2.1 

32.0 

2.0 

31.5 

2.1 

31.0 

2.3 

57.1 

3.9 

44.8 

2.7 

42.0 

2.0 

38.9 

3.1 

37.5 

3.4 

15? 


Ar Wf  2:  NS/HES  vs  HS 


NT1NE 


BALLOON 

BASELINE  INFLATION  EARLY  SHOCK  LATE  SHOCK  T35  T65  T95  TT25  T155 


STD- 

STD- 

STD- 

STD- 

STD- 

STD- 

STO- 

STO- 

STD- 

CBF  GRO- 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

UP 

HES- 

/HS 

36.4 

2.2 

35.0 

4.8 

14.6 

1.6 

13.1 

1.0 

26.4 

1.4 

22.9 

2.9 

14.6 

2.1 

10.6 

2.2 

9.0 

1.6 

HS 

32.3 

3.8 

29.1 

3.5 

8.6 

1.8 

9.4 

2.1 

24.8 

3.1 

18.8 

2.9 

14.8 

2.5 

13.9 

2.2 

9.1 

1.7 

I CP  HES- 

/HS 

5.9 

1.1 

20.0 

0.0 

19.6 

0.2 

22.2 

1.1 

22.9 

1.9 

35.0 

4.3 

49.0 

6.9 

51.4 

6.7 

45.8 

5.4 

HS 

6.8 

1.3 

20.6 

0.6 

20.6 

0.8 

20.6 

0.9 

18.9 

1.7 

20.9 

3.3 

29.8 

5.1 

37.6 

4.2 

36.2 

5.1 

CPP  HES- 

/HS 

122.2  10.0 

96.3  11.4 

33.7 

1.1 

30.1 

4.6 

50.3 

4.1 

73.6 

7.9 

56.8 

5.4 

46.6 

9.0 

45.4 

6.6 

HS 

108.0 

8.3 

91.3 

5.7 

37.4 

1.8 

36.2 

2.0 

45.1 

4.3 

66.8 

6.7 

53.9 

6.4 

49.9 

6.3 

41.8 

3.9 

\5°i 


krwf  2:  NS/HES  v«  NS 


NTIME 


BALLOON 

BASELINE  INFLATION  EARLY  SHOCK  UTE  SHOCK  T35  T65  T95  T125  T155 


STO-  STO-  STD-  STD-  STD-  STD-  STD-  STD-  STD- 


MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

CA-  GRO- 

02  UP 

HES- 

/HS 

20.2 

1.1 

20.0 

1.0 

18.5 

0.9 

18.6 

1.0 

14.1 

0.9 

15.5 

0.9 

15.8 

1.0 

16.2 

0.6 

16.2 

0.6 

HS 

17.5 

2.0 

18.1 

1.9 

16.0 

1.6 

16.2 

1.7 

12.5 

1.9 

14.6 

1.9 

15.3 

1.6 

15.0 

1.7 

15.0 

1.7 

CV-  HES- 

02  /HS 

14.0 

1.1 

13.6 

1.3 

6.9 

0.8 

9.0 

0.8 

8.9 

0.6 

7.6 

0.6 

6.4 

0.6 

5.9 

0.5 

6.1 

1.0 

XS 

11.5 

1.7 

10.9 

1.6 

6.4 

1.1 

8.4 

2.1 

7.4 

1.7 

8.3 

1.2 

7.8 

1.8 

6.3 

2.0 

7.0 

2.4 

AV-  HES- 

002  /HS 

6.2 

0.4 

6.4 

0.8 

11.6 

0.6 

10.0 

1.5 

5.2 

0.7 

7.9 

0.6 

9.4 

1.0 

10.3 

1.0 

10.7 

1.5 

HS 

6.0 

0.7 

7.2 

0.9 

9.6 

0.9 

7.8 

1.1 

5.0 

0.3 

6.3 

1.0 

7.6 

0.7 

8.7 

1.0 

8.1 

1.3 

CM-  HES- 

R02  /HS 

2.2 

0.2 

2.1 

0.2 

1.8 

0.2 

1.2 

0.1 

1.3 

0.2 

1.5 

0.2 

1.2 

0.1 

0.9 

0.2 

0.8 

0.1 

HS 

1.6 

0.4 

1.7 

0.3 

0.7 

0.2 

0.7 

0.3 

1.3 

0.3 

1.1 

0.3 

1.1 

4 

0.3 

1.1 

0.3 

0.8 

0.2 

CO-  HES- 

2T  /HS 

7.2 

0.7 

7.2 

1.5 

2.9 

0.3 

2.4 

0.1 

3.6 

0.2 

3.0 

0.3 

2.1 

0.3 

1.3 

0.4 

1.2 

0.1 

HS 

4.6 

1.1 

4.4 

0.8 

1.2 

0.3 

1.4 

0.5 

3.1 

0.7 

2.5 

0.7 

2.1 

0.7 

1.9 

0.4 

1.5 

0.4 

|(pO 


Descriptive  Statistics 
Series  2 
HES  vs.  HES/HS 


Ar*y  2:  HS/HES  vt  HES 


BALLOON 

BASELINE  INFLATION  EARLY  SHOCK  LATE  SHOCK 


STD- 

STD- 

STD- 

STD- 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

PA- 

TRT 

CO- 

2A 

1 

38.5 

1.1 

36.7 

0.7 

33.0 

1.5 

43.4 

1.7 

2 

35.4 

0.7 

35.6 

1.4 

34.2 

1.9 

41.6 

2.5 

HG- 

1 

15.0 

0.8 

14.9 

0.8 

13.7 

0.7 

13.6 

0.6 

BA 

2 

13.8 

0.8 

13.7 

0.8 

12.2 

0.7 

12.5 

0.6 

PA* 

1 

266.6  17.8 

257.7  16.0 

248.7  19.5 

242.6 

19.6 

02A 

2 

295.5  29.7 

306.0  33.8 

275.8  25.7 

274.5 

26.2 

PHA 

1 

7.4 

0.0 

7.4 

0.0 

7.4 

0.0 

7.3 

0.0 

2 

7.4 

0.0 

7.4 

0.0 

7.4 

0.0 

7.3 

0.0 

TE¬ 

1 

37.6 

0.4 

37.5 

0.4 

37.6 

0.5 

37.9 

0.5 

MP 

2 

36.8 

0.5 

36.9 

0.5 

37.1 

0.5 

37.6 

0.5 

NAP 

1 

128.1 

9.9 

118.6  11.4 

53.3 

‘0.9 

51.1 

3.6 

2 

126.7 

4.5 

125.7 

4.1 

56.2 

1.2 

54.3 

2.8 

CO 

1 

2.7 

0.3 

2.4 

0.3 

1.4 

0.2 

1.5 

0.2 

2 

2.9 

0.5 

2.6 

0.4 

1.4 

0.2 

1.6 

0.1 

PA- 

1 

1.6 

0.8 

1.3 

0.7 

0.1 

1.0 

•0.4 

0.9 

OP 

2 

1.0 

0.9 

1.0 

0.8 

*1.1 

1.0 

-0.3 

0.8 

PA- 

1 

45.4 

1.6 

45.2 

1.0 

45.6 

2.6 

56.9 

1.9 

CO- 

2V 

2 

45.7 

1.2 

43.9 

2.8 

48.6 

4.6 

50.5 

4.4 

HG- 

1 

15.1 

0.8 

15.0 

0.7 

13.4 

0.8 

14.0 

0.6 

BV 

2 

13.7 

0.9 

13.8 

0.8 

12.6 

0.9 

12.6 

0.7 

(CONTINUED) 


NTINE 


T35 

T65 

T95 

T125 

T155 

STD- 

STD- 

STD- 

STD- 

STD- 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

44.6 

1.4 

37.1 

0.6 

37.9 

1.1 

36.9 

0.7 

38.4 

1.5 

41.8 

1.7 

37.9 

1.2 

36.7 

1.0 

37.0 

1.1 

38.0 

1.6 

10.1 

0.6 

11.2 

0.5 

11.5 

0.6 

11.4 

0.5 

11.8 

0.5 

10.4 

0.6 

10.1 

0.6 

10.4 

0.7 

10.3 

0.8 

10.2 

0.7 

260.7 

18.8 

270.3 

20.5 

265.0 

20.7 

259.4 

21.3 

263.4 

26.3 

289.2 

25.1 

290.2 

22.4 

292.8  24.6 

293.2 

21.5 

287.8 

24.8 

7.2 

0.0 

7.3 

0.0 

7.3 

0.0 

7.3 

0.0 

7.3 

0.0 

7.2 

0.0 

7.3 

0.0 

7.3 

0.0 

7.3 

0.0 

7.3 

0.0 

37.6 

0.5 

37.6 

0.5 

37.7 

0.6 

38.1 

0.6 

37.7 

0.7 

37.4 

0.5 

37.2 

0.5 

37.2 

0.6 

37.4 

0.7 

37.8 

0.7 

72.9 

4.1 

106.6 

8.4 

105.9 

10.5 

97.4 

14.2 

89.8 

9.5 

73.2 

4.9 

103.8 

5.4 

110.0 

4.1 

96.2 

6.2 

81.8 

7.3 

3.3 

0.5 

2.4 

0.3 

2.3 

0.4 

2.0 

0.4 

2.4 

0.4 

2.6 

0.2 

2.9 

0.3 

2.3 

0.3 

2.2 

0.3 

2.0 

0.2 

1.3 

1.4 

0.6 

0.6 

0.5 

0.4 

-0.9 

0.8 

-0.6 

0.6 

0.9 

0.7 

0.3 

0.8 

0.2 

1.1 

-0.2 

1.1 

0.4 

1.1 

57.5 

1.3 

46.1 

1.6 

49.4 

1.7 

50.5 

2.2 

55.5 

5.7 

55.7 

4.1 

52.0 

3.0 

49.3 

3.0 

52.6 

3.6 

56.7 

3.0 

11.4 

0.4 

11.5 

0.4 

11.6 

0.5 

11.9 

0.4 

11.6 

0.4 

11.0 

0.6 

10.7 

0.6 

10.5 

0.6 

10.8 

0.8 

10.4 

0.7 

l  b><=^ 


Arwy  2:  HS/HES  v*  HES 


NTIME 


BALLOON 

BASELIKE  INFLATION  EARLY  SHOCK  LATE  SHOCK 


STD* 

STD- 

STD- 

STD* 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

HEAN 

ERR 

TBT 

1 

46.7 

1.8 

46.0 

2.8 

31.0 

2.4 

37.8 

1.3 

2 

43.3 

1.6 

40.3 

4.0 

34.0 

4.0 

37.6 

2.5 

T35 

T65 

T95 

T125 

T155 

STD* 

STD* 

STD- 

STD- 

STD- 

MEAN  ERR 

MEAN  ERR 

MEAN  ERR 

MEAN  ERR 

MEAN  ERR 

47.6 

1.4 

37.3 

2.1 

32.0 

2.0 

31.5 

2.1 

31.0  2.3 

41.3 

1.1 

41.7 

2.6 

38.7 

2.7 

39.5 

1.2 

37.7  4.1 

I 


An*/  2:  NS/HE  £  v>  HES 


BASELINE 

INFLATION 

EARLY  SHOCK  LATE  SHOCK 

T35 

T65 

T95 

T12S 

T155 

STD- 

STD- 

STD- 

STD- 

STD- 

STD- 

STD- 

STD- 

STD* 

KEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

KEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

ERR 

C8F  TAT 

1 

36.4 

2.2 

35.0 

4.8 

14.6 

1.6 

13.1 

1.0 

26.4 

1.4 

22.9 

2.9 

14.6 

2.1 

10.6 

2.2 

9.0 

1.6 

2 

28.7 

2.4 

27.2 

2.2 

9.7 

2.1 

8.5 

1.3 

13.7 

2.5 

17.5 

3.3 

17.2 

2.8 

13.5 

3.4 

9.0 

2.4 

ICP 

1 

5.9 

1.1 

20.0 

0.0 

19.6 

0.2 

22.2 

1.1 

22.9 

1.9 

35.0 

4.3 

49.0 

6.9 

51.4 

6.7 

45.8 

5.4 

2 

6.1 

1.6 

20.0 

0.0 

19.8 

0.5 

19.3 

0.3 

24.8 

0.8 

31.3 

3.6 

34.3 

4.1 

31.9 

4.1 

30.3 

6.1 

CPP 

1 

122.2 

10.0 

98.3  11.4 

33.7 

1.1 

30.1 

4.6 

50.3 

4.1 

73.6 

7.9 

56.8 

5.4 

46.6 

9.0 

45.4 

6.6 

2 

120.6 

4.2 

105.7 

4.1 

36.4 

1.3 

35.0 

2.7 

48.4 

4.6 

72.6 

6.0 

76.2 

6.4 

64.3 

7.5 

51.5 

7.2 

110*4 


A TWf  2:  HS/HES  vt  NES 


NT  I  ME 


BALLOON 

BASELINE  INFLATION  EARLY  SHOCK  LATE  SHOCK  T35 


T6S  T95 


T125  T155 


STD- 


CA- 

TRT 

MEAN 

ERR 

MEAN 

02 

1 

20.2 

1.1 

20.0 

2 

20.8 

0.6 

20.5 

CV- 

1 

16.0 

1.1 

13.6 

02 

2 

U.O 

0.1 

16.1 

AV- 

1 

6.2 

0.6 

6.6 

D02 

2 

6.8 

0.6 

6.6 

CM- 

1 

2.2 

0.2 

2.1 

R02 

2 

1.9 

0.6 

1.8 

CO- 

1 

7.2 

0.7 

7.2 

2T 

2 

5.9 

1.1 

5.8 

STD* 

STD- 

STD- 

ERR 

MEAN 

ERR 

MEAN 

ERR 

1.0 

18.5 

0.9 

18.6 

1.0 

0.1 

18.6 

0.3 

18.3 

0.6 

1.3 

6.9 

0.8 

9.0 

0.8 

0.6 

8.5 

1.6 

10.0 

1.0 

0.8 

11.6 

0.6 

10.0 

1.5 

0.7 

9.9 

1.7 

8.3 

1.2 

0.2 

1.8 

0.2 

1.2 

0.1 

0.2 

1.1 

0.6 

0.9 

0.3 

1.5 

2.9 

0.3 

2.6 

0.1 

0.0 

2.0 

0.7 

1.9 

0.3 

STD- 

STD- 

MEAN 

ERR 

MEAN 

ERR 

MEAN 

16.1 

0.9 

15.5 

0.9 

15.8 

15.3 

0.6 

16.9 

0.9 

15.6 

8.9 

0.6 

7.6 

0.6 

6.6 

8.9 

0.1 

10.1 

0.8 

9.7 

5.2 

0.7 

7.9 

0.6 

9.6 

6.6 

0.3 

6.8 

1.5 

5.9 

1.3 

0.2 

1.5 

0.2 

1.2 

1.2 

0.1 

1.1 

0.3 

1.3 

3.6 

0.2 

3.0 

0.3 

2.1 

2.9 

0.1 

3.6 

0.3 

3.6 

STD- 

STD- 

STD* 

ERR 

MEAN 

ERR 

MEAN 

ERR 

1.0 

16.2 

0.6 

16.2 

0.6 

0.9 

15.5 

1.6 

15.6 

1.1 

0.6 

5.9 

0.5 

6.1 

1.0 

0.7 

9.1 

0.6 

9.7 

1.9 

1.0 

10.3 

1.0 

10.7 

1.5 

1.5 

6.6 

1.2 

6.7 

0.9 

0.1 

0.9 

0.2 

0.8 

0.1 

C.3 

1.3 

0.1 

0.7 

0.0 

0.3 

1.3 

0.6 

1.2 

0.1 

0.1 

3.2 

0.1 

2.2 

0.3 

IL>5 


Descriptive  Statistics 
Series  2 
ISO  vs.  HES/HS 


l 


/a 

Army  2:  ISO  vt  HES/HS 


PAC02A 

HG6A 

PA02A 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STDEM 

TIKE 

PERIOO 

BASELINE 

38.34 

1.08 

36.87 

0.85 

15.01 

0.77 

11.81 

1.10 

266.57 

17.79 

295.71 

34.21 

BALLOON 

INFLATION 

36.73 

'  0.69 

35.73 

0.98 

14.89 

0.76 

12.60 

0.96 

257.71 

16.04 

291.40 

38.01 

EARLY 

SHOCK 

33.03 

1.50 

33.74 

1.84 

13.71 

0.67 

10.99 

0.93 

248.71 

19.53 

289.00 

39.27 

LATE  SHOCK 

43.39 

1.70 

42.97 

1.36 

13.63 

0.60 

11.41 

1.03 

242.57 

19.65 

258.33 

33.29 

T35 

44.60 

1.42 

38.61 

1.04 

10.12 

0.65 

8.26 

0.85 

260.71 

18.78 

300.57 

32.92 

T65 

37.11 

0.58 

35.67 

0.99 

11.23 

0.46 

9.62 

0.87 

270.29 

20.54 

292.00 

35.19 

T95 

37.86 

1.13 

39.44 

1.63 

11.46 

0.61 

10.37 

0.96 

265.00 

20.67 

289.00 

35.58 

T125 

36.93 

0.72 

36.52 

1.50 

11.36 

0.53 

10.65 

1.13 

259.43 

21.29 

272.50 

35.78 

T155 

38.40 

1.47 

39.34 

1.49 

11.75 

0.49 

11.92 

0.58 

263.40 

26.33 

253.00 

35.10 

1 


Army  2:  ISO  vs  HES/HS 


PHA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN 

STOERR 

HEAH  STOERR 

MEAN 

STOERR 

MEAN  STOERR 

MEAN 

STDERR 

MEAN  STDERR 

TIME 

PERIOD 

BASELINE 

7.40 

0.01 

7.38 

0.01 

37.60 

0.39 

37.03 

0.49 

20.24 

1.14 

18.15 

1.25 

BALLOON 

INFLATION 

7.40 

0.02 

7.38 

0.02 

37.53 

0.40 

37.07 

0.58 

19.96 

1.03 

18.39 

1.24 

EARLY 

SHOCK 

7.42 

0.02 

7.38 

0.02 

37.63 

0.47 

37.05 

0.60 

18.48 

0.92 

16.82 

1.03 

LATE  SHOCK 

7.31 

0.03 

7.27 

0.02 

37.94 

0.46 

37.47 

0.72 

18.59 

1.00 

17.55 

1.04 

T35 

7.23 

0.02 

7.22 

0.04 

37.62 

0.46 

36.81 

0.55 

14.15 

0.89 

13.34 

0.77 

T65 

7.32 

0.01 

7.26 

0.02 

37.57 

0.51 

36.93 

0.57 

15.53 

0.89 

14.68 

0.69 

T95 

7.32 

0.01 

7.24 

0.02 

37.73 

0.57 

37.21 

0.65 

15.79 

1.00 

16.26 

0.92 

T125 

7.30 

0.02 

7.25 

0.02 

38.07 

0.64 

37.82 

0.63 

16.22 

0.59 

16.33 

1.12 

T155 

7.29 

0.01 

7.26 

0.03 

37.73 

0.69 

37.89 

0.87 

16.21 

0.64 

16.75 

0.72 

\U& 


Army  2:  ISO  vs  HES/HS 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

• 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

HEAN 

STOERR 

HEAN 

STOERR 

HEAN 

STOERR 

TIME 

PER I 00 

BASELINE 

2.68 

0.29 

3.60 

0.85 

128.57 

5.95 

132.86 

8.37 

1.57 

0.85 

2,71 

1.24 

BALLOON 

INFLATION 

2.36 

0.29 

3.09 

0.74 

122.86 

5.22 

132.86 

7.78 

1.29 

0.71 

1.30 

1.04 

EARLY 

SHOCK 

1.40 

0.21 

1.79 

0.34 

116.00 

4.00 

130.00 

7.24 

0.14 

1.04 

0.01 

0.72 

LATE  SHOCK 

1.53 

0.24 

2.38 

0.57 

135.00 

5.63 

145.71 

8.41 

•0.36 

0.88 

-0.43 

0.69 

T35 

3.34 

0.49 

6.17 

0.54 

144.29 

13.56 

141.43 

10.33 

1.25 

1.36 

7.14 

0.91 

T65 

2.41 

0.27 

3.95 

0.72 

147.14 

13.75 

145.71 

9.97 

0.58 

0.62 

0.93 

0.64 

T95 

2.26 

0.37 

3.22 

0.62 

152.86 

17.55 

156.57 

9.68 

0.50 

0.39 

0.36 

1.02 

T125 

1.98 

0.40 

3.21 

0.71 

145.00 

10.88 

159.17 

8.98 

•0.90 

0.78 

0.75 

1.30 

T155 

2.44 

0.42 

2.88 

0.61 

148.00 

12.41 

158.00 

8.60 

-0.60 

0.64 

0.33 

1.15 

\U>ci 


Army  2:  ISO  vs  HES/HS 

PAP1 

PAP2 

GROUP 

GROUP 

HES/HS  ISO  HES/HS 


HEAM  STOERR  MEAN  STOERR  MEAN  STDERR  HEAN  STDERR 

TIME 

PERIOO 


BASELINE 

17.00 

0.44 

17.43 

1.19 

3.29 

1.43 

4.00 

2.10 

BALLOON 

INFLATION 

16.  14 

0.55 

16.71 

1.19 

2.00 

0.90 

3.21 

1.91 

EARLY 

SHOCK 

11.29 

0.68 

12.00 

0.69 

•0.86 

0.63 

0.14 

1.06 

LATE  SHOCK 

12.57 

0.92 

13.71 

0.57 

0.00 

0.93 

0.86 

1.14 

T35 

19. A3 

1.27 

25.71 

1.17 

3.14 

1.18 

5.71 

1.39 

T65 

16.57 

1.13 

18.14 

0.99 

0.71 

0.71 

1.43 

1.21 

T95 

15.71 

1.19 

17.14 

1.35 

0.43 

0.84 

1.71 

1.48 

T125 

1A.A3 

0.87 

18.00 

1.84 

•0.14 

0.88 

1.67 

0.76 

T155 

13.20 

1.85 

17.17 

1.82 

•0.40 

0.93 

2.00 

1.29 

It  ° 


Amy  2:  ISO  vs  HES/HS 


SBP 

DBP 

MAP 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

HEAN 

STDERR 

HEAN 

STDERR 

HEAN 

STDERR 

HEAN 

STDERR 

HEAN 

STDERR 

MEAN 

STDERR 

TIME 

PER 100 

BASELINE 

158.57 

10.39 

132.43 

11.59 

112.86 

9.99 

95.29 

8.87 

128.14 

9.92 

109.29 

8.33 

BALLOON 

INFLATION 

150.71 

10.26 

127.57 

10.07 

105.43 

9.01 

89.29 

7.67 

118.57 

11.43 

100.04 

9.23 

EARLY 

SHOCK 

64.00 

1.53 

71.33 

3.18 

44.33 

1.86 

51.67 

3.33 

53.29 

0.92 

55.67 

1.34 

LATE  SHOCK 

57.33 

8.69 

67.50 

4.33 

39.00 

7.37 

49.50 

2.47 

51.14 

3.62 

55.24 

1.56 

T35 

97.14 

4.74 

106.14 

7.18 

62.71 

3.52 

66.43 

5.15 

72.86 

4.11 

79.76 

5.83 

T65 

137.43 

10.10 

97.14 

3.43 

94.29 

7.60 

67.57 

2.06 

108.57 

8.36 

77.33 

2.39 

T95 

137.00 

13.30 

102.71 

8.37 

90.14 

9.28 

72.86 

6.31 

105.86 

10.53 

82.50 

6.66 

T125 

122.57 

17.47 

111.67 

8.23 

84.86 

12.65 

77.67 

7.67 

97.43 

14.16 

88.83 

7.66 

T155 

120.50 

12.49 

103.17 

6.27 

78.40 

9.38 

76.50 

11.51 

89.80 

9.53 

85.33 

9.57 

■fak  n 

Arwy  2:  ISO  v*  HES/HS 


S02T 

SVR 

LVSV 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO  HES/HS  ISO 

HES/KS 

ISO 

MEAN 

STDERR 

MEAN 

STDERR  MEAN  STDERR  MEAN  STDERR 

KEAN 

STDERR  MEAN 

STDERR 

TIKE 

PERIOO 

BASELINE 

537.65 

61.564 

731.87  158.429  4259.91  520.457  3006.80  481.666 

0.04 

0.003 

0.04 

0.010 

BALLOON 

INFLATION 

384.63 

89.614 

640.80 

144.031  4692.44  645.368  3370.65  492.988 

0.03 

0.003 

0.03 

0.008 

EARLY 

SHOCK 

236.30 

39.545 

318.19 

56.640  3710.44  388.059  3161.62  440.506 

0.01 

0.002 

0.01 

0.002 

LATE  SHOCK 

279.05 

41.364 

444.05 

100.945  3333.54  460.516  2571.25  423.941 

0.01 

0.002 

0.01 

0.003 

T35 

491.07 

82.264 

867.96 

47.944  2083.63  275.213  1051.73  92.528 

0.03 

0.004 

0.04 

0.006 

T65 

353.38 

52.433 

595.28  124.269  4030.76  483.557  1846.22  214.958 

0.03 

0.004 

0.03 

0.004 

T95 

358.29 

65.813 

561.22 

92.589  4454.29  598.353  2492.08  361.149 

0.02 

0.004 

0.03 

0.006 

T125 

316.82 

65.091 

531.43 

126.332  4645.15  990.609  2816.63  569.188 

0.02 

0.002 

0.02 

0.009 

T155 

408.34 

74.095 

528.17 

84.443  3789.17  1006.64  2858.97  414.742 

0.02 

0.003 

0.02 

0.006 

na. 


Army  2:  ISO  vt  HES/HS 


CVP 

V02 

RESP 

GROUP 

GROUP 

GROUP 

HES/HS 

tso 

HES/HS 

ISO 

HES/HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

•4.29 

0.85 

-2.89 

0.83 

160.68 

10.71 

232.10 

45.95 

14.14 

0.94 

14.00 

1.15 

BALLOON 

INFLATION 

-4.07 

0.73 

-3.36 

0.68 

196.62 

57.17 

210.83 

31.37 

14.86 

0.83 

13.86 

1.16 

EARLY 

SHOCK 

-5.64 

0.86 

-4.68 

0.74 

138.93 

33.60 

190.14 

25.77 

13.43 

0.61 

12.00 

1.18 

LATE  SHOCK 

-5.50 

0.72 

-5.64 

0.61 

148.52 

17.67 

211.98 

44.76 

12.00 

0.62 

12.00 

1.05 

T35 

-3.29 

0.84 

1.07 

1.17 

171.24 

24.25 

362.23 

27.68 

17.00 

1.29 

15.14 

1.32 

T65 

-3.93 

0.51 

-3.93 

0.49 

1/3.91 

24.65 

267.00 

48.73 

16.71 

0.78 

14.43 

1.19 

T95 

-4.29 

0.47 

-4.50 

0.72 

203.04 

27.99 

244.39 

29.02 

14.57 

0.37 

14.14 

1.24 

T125 

-5.08 

0.84 

-4.00 

1.18 

196.41 

35.08 

180.86 

41.79 

13.86 

0.40 

15.17 

0.60 

T155 

-5.30 

0.85 

•4.08 

1.11 

281.21 

42.27 

188.00 

46.75 

14.40 

0.51 

15.50 

0.62 

V"73 


Tab/;  ?r 

Army  2:  ISO  vs  HES/HS 


PAC02V 

HGBV 

PA02V 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

KES/HS 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

TIME 

PERIOO 

BASELINE 

45.44 

1.62 

46.36 

2.32 

15.13 

0.77 

12.12 

1.27 

46.71 

1.85 

43.71 

2.88 

BALLOON 

INFLATION 

45.17 

0.93 

46.12 

1.72 

15.01 

0.72 

12.80 

0.83 

46.00 

2.83 

42.00 

3.79 

EARLY 

SHOCK 

45.57 

2.63 

48.10 

3.78 

13.36 

0.80 

11.01 

0.93 

31.00 

2.44 

34.14 

2.96 

LATE  SHOCK 

56.90 

1.93 

50.71 

3.93 

13.95 

0.62 

11.49 

0.88 

37.83 

1.33 

38.86 

1.94 

T35 

57.51 

1.28 

48.20 

3.17 

11.39 

0.37 

8.06 

0.79 

47.57 

1.43 

45.14 

2.94 

T65 

46.13 

1.65 

50.41 

1.38 

11.49 

0.39 

9.76 

0.96 

37.29 

2.10 

39.57 

1.84 

T95 

49.41 

1.69 

50.57 

3.01 

11.57 

0.45 

10.46 

0.97 

32.00 

2.01 

38.71 

1.92 

T12S 

50.52 

2.22 

43.63 

2.50 

11.87 

0.36 

10.78 

1.08 

31.50 

2.06 

43.00 

2.58 

T155 

55.52 

5.72 

44.60 

2.34 

11.58 

0.40 

11.98 

0.57 

31.00 

2.35 

50.50 

6.64 

T&#t  9f 


Ar*y  2:  ISO  v*  HES/HS 

HAP 

CV02 

AVD02 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/KS 

ISO 

HES/HS 

ISO 

MEAN  STDERR 

MEAN  STDERR 

MEAN  STDERR 

MEAN  STDERR 

MEAN  STDERR 

MEAN  STDERR 

TINE 

PERIOD 

BASELINE 

128. 14 

9.92 

109.29 

8.33 

14.04 

1.12 

12.18 

1.20 

6.21 

0.44 

5.97 

0.56 

BALLOON 

INFLATION 

118.57 

11.43 

100.04 

9.23 

13.56 

1.31 

11.86 

1.25 

6.39 

0.75 

6.54 

0.75 

EARLT 

SHOCK 

53.29 

0.92 

55.67 

1.34 

6.89 

0.83 

6.37 

0.87 

11.58 

0.58 

10.45 

0.94 

UTE  SHOCK 

51.14 

3.62 

55.24 

1.56 

8-99 

0.80 

9.12 

0.84 

10.02 

1.51 

8.43 

0.50 

T35 

72.86 

4.11 

79.76 

5.83 

8.94 

0.56 

7.78 

0.76 

5.20 

0.67 

5.57 

0.46 

T65 

108.57 

8.36 

77.33 

2.39 

7.60 

0.56 

8.00 

0.78 

7.93 

0.55 

6.68 

0.40 

T95 

105.86 

10.53 

82.50 

6.66 

6.38 

0.60 

8.84 

0.56 

9.41 

1.02 

7.42 

0.93 

T125 

97.43 

14.16 

88.83 

7.66 

5.90 

0.51 

9.34 

0.95 

10.31 

0.97 

6.45 

1.31 

T155 

89.80 

9.53 

85.33 

9.57 

6.12 

0.98 

10.50 

1.22 

10.75 

1.51 

6.24 

1.47 

Ar*y  2:  ISO  v*  HES/HS 


CEREBREAl  BLOOO  FLOW  INTRACRANIAL  PRESSURE  CPP 


GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN 

STOERR 

MEAN 

STOERR 

MEAH 

STOERR 

MEAN 

STDERR 

KEAN 

STOERR 

MEAN 

STDERR 

TIME 

PER I 00 

BASELINE 

36.43 

2.21 

29.71 

2.57 

5.93 

1.14 

6.14 

1.41 

122.17 

9.97 

102.81 

8.39 

BALLOON 

INFLATION 

35.00 

4.80 

27.71 

2.98 

20.00 

0.00 

19.14 

0.82 

98.33 

11.43 

81.00 

9.65 

EARLY 

SHOCK 

14.57 

1.56 

11.86 

1.28 

19.57 

0.20 

19.79 

0.31 

33.67 

1.05 

35.89 

1.46 

LATE  SHOCK 

13.14 

1.03 

8.29 

1.61 

22.21 

1.10 

21.29 

0.80 

30.12 

4.60 

34.04 

1.20 

T35 

26.43 

1.45 

17.43 

3.08 

22.94 

1.89 

38.21 

1.91 

50.31 

4.10 

41.45 

4.19 

T65 

22.86 

2.88 

12.43 

1.94 

35.00 

4.27 

35.64 

2.09 

73.57 

7.86 

40.12 

2.48 

T95 

14.57 

2.14 

11.57 

2.40 

49.00 

6.88 

31.93 

3.13 

56.81 

5.43 

53.69 

9.45 

T125 

10.57 

2.22 

10.00 

2.03 

51.43 

6.69 

35.90 

3.86 

46.57 

9.01 

52.97 

9.97 

T155 

9.00 

1.53 

8.50 

2.63 

45.80 

5.42 

33.67 

5.69 

45.40 

6.63 

51.67 

9.81 

\1U- 


/dM  /o/ 

A nwy  2:  ISO  vs  KES/HS 


CMR02 

C02T 

CVR 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

ISO 

MEAN 

STOERR  MEAN  STDERR 

MEAN 

STOERR  MEAN 

STDERR 

MEAN 

STDERR 

MEAN  STDERR 

TIME 

PER 100 

BASELINE 

2.18 

0.19 

1.85 

0.08 

7.21 

0.75 

5.75 

0.56 

3.36 

0.24 

3.47 

0.35 

BALLOON 

INFLATION 

2.08 

0.15 

1.96 

0.17 

7.19 

1.45 

5.65 

0.55 

3.06 

0.44 

3.17 

0.46 

EARLY 

SHOCK 

1.80 

0.17 

1.26 

0.21 

2.92 

0.31 

2.05 

0.33 

3.10 

0.47 

3.26 

0.38 

LATE  SHOCK 

1.25 

0.08 

0.74 

0.16 

2.43 

0.13 

1.55 

0.38 

2.09 

0.40 

6.16 

2.12 

T35 

1.34 

0.17 

1.14 

0.20 

3.64 

0.25 

2.74 

0.44 

1.91 

0.14 

3.24 

0.65 

T65 

1.53 

0.17 

0.85 

0.13 

2.97 

0.26 

1.90 

0.32 

3.33 

0.29 

4.05 

1.01 

T95 

1.23 

0.14 

0.77 

0.13 

2.10 

0.27 

1.85 

0.42 

4.18 

0.43 

6.75 

3.35 

T125 

0.86 

0.25 

0.73 

0.18 

1.35 

0.39 

1.77 

0.35 

3.79 

1.58 

4.20 

0.55 

T155 

0.79 

0.09 

0.70 

0.26 

1.21 

0.09 

1.57 

0.49 

5.03 

0.39 

11.89 

6.60 

Descriptive  Statistics 
Series  la 


ISO  vs.  HS 


Y18 


y^/e/dz 


ARMY  1A:  ISO  v*  W 


PAC02A 

MBA 

PA02A 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR 

TINE 

PERIOO 

BASELINE 

39.52 

0.57 

41.24 

0.64 

13.75 

0.98 

14.14 

0.81 

190.50 

13.23 

169.60 

7.86 

HID  SHOCK 

40.18 

1.74 

41.16 

0.43 

11.32 

0.98 

11.32 

0.66 

187.67 

8.97 

155.00 

9.82 

*0 

40.35 

0.92 

39.54 

0.52 

8.40 

0.74 

7.28 

0.46 

196.50 

9.39 

186.00 

6.12 

R60 

41.82 

2.44 

40.78 

1.28 

10.73 

0.70 

9.68 

0.68 

176.00 

5.09 

168.00 

7.40 

R120 

38.90 

0.49 

41.18 

1.35 

10.22 

1.30 

10.84 

0.92 

183.20 

14.32 

162.60 

6.14 

n°i 


AKMY  1A:  ISO  v*  HS 


PHA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

TIME 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

7.39 

0.01 

7.39 

G  02 

37.38 

0.39 

37.32 

0.42 

18.81 

1.16 

19.47 

1.08 

MID  SHOCK 

7.31 

0.03 

7.32 

0.01 

38.06 

0.41 

38.06 

0.45 

15.60 

1.17 

15.71 

0.94 

RO 

7.22 

0.02 

7.28 

0.02 

37.80 

0.22 

36.61 

0.31 

11.75 

0.92 

10.34 

0.63 

R60 

7.23 

0.03 

7.29 

0.02 

38.34 

0.53 

37.85 

0.30 

14.95 

0.93 

13.50 

0.93 

R120 

7.23 

0.01 

7.25 

0.03 

38.95 

0.39 

38.69 

0.23 

14.31 

1.69 

14.86 

1.24 

* 


APJ1Y  1A:  ISO  v»  HS 


/(J(f 


CO  HR  PAOP 

GROUP  GROUP  GROUP 


HS 

ISO 

HS 

ISO 

HS 

ISO 

TIME 

PER ICO 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

MEAN  STDERR 

BASELINE 

3.22 

0.42 

3.85 

0.22 

134.17 

8.34 

136.80 

9.75 

3.83 

2.07 

5.40 

0.58 

HID  SHOCK 

1.21 

0.06 

1.42 

0.15 

145.00 

15.52 

141.60 

11.63 

0.08 

1.19 

3.00 

0.76 

SO 

2.95' 

0.25 

4.86 

0.48 

148.67 

11.24 

132.00 

7.59 

3.08 

1.75 

8.50 

1.43 

R60 

1.72 

0.14 

2.65 

0.27 

176.50 

11.71 

148.80 

2.94 

3.10 

0.58 

3.88 

0.72 

R120 

1.52 

0.12 

2.16 

0.42 

177.60 

14.89 

177.60 

9.60 

2.38 

0.66 

3.13 

0.59 

yLtt  Mr 

ARMY  1A:  ISO  v*  NS 


PAP1 

PAP2 

GROUP 

GROUP 

HS 

ISO 

KS 

ISO 

TIME 

PERIOO 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

23.67 

2.78 

24.00 

0.84 

4.50 

2.08 

6.60 

2.04 

MID  SHOCK 

15.67 

1.80 

15.40 

1.33 

0.83 

1.30 

2.20 

0.86 

RO 

30.00 

3.76 

26.80 

1.02 

1.83 

2.12 

8.00 

1.79 

R60 

23.50 

1.52 

18.80 

1.53 

2.67 

0.33 

3.00 

1.48 

R 1 20 

23.80 

1.93 

20.00 

1.38 

3.20 

0.73 

3.60 

1.29 

\2>3, 


Am  1A:  ISO  V*  w 


rf/M  M 


SBP 

DSP 

MAP 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

TINE 

PER I 00 

BASELINE 

HI. 50 

6.35 

147.40 

7.43 

99.17 

4.56 

103.00 

9.70 

113.17 

4.44 

118.20 

8.99 

NID  SHOCK 

77.33 

6.10 

67.67 

8.19 

34.17 

2.82 

30.00 

1.73 

48.60 

3.50 

44.80 

2.44 

AO 

133.33 

9.55 

126.60 

4.48 

55.83 

3.96 

66.00 

6.40 

81.72 

3.83 

86.20 

4.99 

A  60 

128.33 

9.28 

119.00 

3.67 

57.50 

13.27 

71.00 

3.67 

81.67 

10.45 

86.80 

2.84 

R120 

1H.00 

12.39 

115.00 

8.94 

49.60 

14.41 

65.00 

8.37 

77.66 

12.79 

80.80 

8.70 

\83 


ARMY  1A:  ISO  V*  MS 


S02T  RESP  ■  COP 

CROUP  GROUP  GROUP 


HS 

ISO 

HS 

ISO 

KS 

ISO 

TIME 

PERIOO 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN  STDERR 

MEAN 

STDERR 

MEAN  STDERR 

BASELINE 

596.08 

64.52 

749.47 

60.05 

13.83 

0.65 

13.20 

0.66 

11.07 

0.90 

12.34 

0.36 

MID  SHOCK 

188.42 

16.48 

219.00 

11.87 

13.33 

1.02 

12.80 

0.66 

9.30 

0.38 

10.40 

0.54 

RO 

343.87 

35.04 

499.74 

54.76 

18.00 

0.52 

15.80 

0.97 

6.07 

0.25 

5.50 

0.39 

R60 

225.64 

44.70 

356.94 

43.35 

12. S3 

0.87 

13.20 

0.58 

7.90 

0.40 

7.78 

0.55 

R120 

215.80 

28.82 

315.65 

60.71 

14.00 

0.89 

13.40 

0.68 

7.72 

0.48 

8.28 

0.41 

ARMY  1A:  ISO  vt  HS 


^40  /tf 


COSM 

CVP 

SVR 

GROUP 

GROUP 

GROUP 

HS 

ISO 

HS 

ISO 

HS 

ISO 

MEAN 

STOERR  MEAN  STDERR 

MEAN 

STDERR  MEAN  STDERR  MEAN 

STDERR  MEAN 

STDERR 

TIME 

PER100 

BASE LIKE 

0.93 

0.26 

0.99 

0.31 

-0.75 

1.14 

-0.20 

0.92  3026.56 

304.70  2484.56 

249.92 

MID  SHOCK 

0.98 

0.07 

0.99 

0.27 

-4.08 

1.05 

-2.90 

0.64  3529.15 

279.24  2765.21 

228.98 

RO 

1.11 

0.07 

0.93 

0.15 

-1.92 

1.36 

1.80 

1.34  2320.47 

128.75  1419.27 

82.78 

R60 

0.94 

0.13 

1.17 

0.67 

-2.92 

0.69 

-2.40 

0.83  3883.72 

353.48  2811.90 

286.84 

R120 

0.89 

0.14 

0.64 

0.14 

4  -2.60 

0.58 

-3.20 

0.72  3812.48 

464.94  3589.67 

636.51 

t 


I 


uoa  1A:  ISO  v*  MS 


V02 

GROUP 

HS  ISO 


TIME 

PERIOO 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

167.58 

30.31 

213.39 

13.64 

HID  SHOCK 

91.88 

13.24 

114.46 

12.39 

RO 

123.16 

15.26 

232.55 

18.68 

R60 

111.88 

9.13 

175.90 

18.16 

R 1 20 

109.45 

10.67 

157.25 

23.85 

\?U 


ARMY  1A:  ISO  vt  MS 


LVSW 

GROUP 

HS  ISO 


TIME 

PERIOO 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

0.04 

0.007 

0.04 

0.003 

MID  SHOCK 

0.01 

0.001 

0.01 

0.001 

RO 

0.02 

0.004 

0.04 

C.005 

R60 

0.01 

0.002 

0.02 

0.003 

R120 

0.01 

0.003 

0.02 

0.003 

\V1 


CEREBREAL  BLOC®  FLOW  INTRACRANIAL  PRESSURE  CPP 


GROUP 

GROUP 

GROUP 

ISO 

HS 

ISO 

HS 

TIME 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

56.27 

5.58 

46.28 

3.32 

7.17 

2.02 

4.60 

3.23 

106.00 

3.13 

113.60 

10.02 

MID  SHOCK 

45.86 

7.48 

38.36 

2.97 

2.00 

2.16 

-2.60 

2.62 

46.67 

2.26 

48.00 

4.48 

RO 

86.19 

15.51 

53.12 

6.34 

2.83 

1.87 

11.80 

3.15 

79.05 

2.48 

74.40 

3.97 

R60 

53.30 

8.30 

48.67 

5.46 

2.17 

3.00 

7.80 

2.35 

79.50 

10.19 

79.00 

2.35 

R120 

46.76 

4.92 

44.10 

4.22 

3.60 

3.04 

7.40 

2.56 

74.06 

13.68 

73.40 

8.32 

\tZ 


ARMY  1A:  ISO  vt  K* 


'/I#//  //2 


CY02  **>02 


HS 

ISO 

HS 

ISO 

NS 

ISO 

KEAN 

STOERR 

KEAN  STDERR 

KEAN 

STDERR 

MEAN  STDERR 

KEAN 

STDERR 

MEAN  STDERR 

TIME 

PERIOD 

- 

BASELINE 

113.17 

4.44 

118.20 

8.99 

13.53 

1.11 

13.83 

0.88 

5.27 

0.89 

5.64 

0.55 

KID  SHOCK 

48.60 

3.50 

44.80 

2.44 

7.97 

0.72 

7.64 

1.00 

7.64 

1.22 

8.07 

0.41 

RO 

81.72 

3.83 

86.20 

4.99 

7.60 

0.70 

5.37 

0.57 

4.15 

0.35 

4.97 

0.64 

R60 

81.67 

10.45 

86.80 

2.84 

8.20 

0.75 

6.79 

0.77 

6.74 

0.83 

6.71 

0.57 

R120 

77.66 

12.79 

80.80 

8.70 

6.92 

1.45 

7.11 

0.66 

7.39 

0.88 

7.75 

1.05 

OR  02 

C02T 

CVR- 

GROUP 

GROUP 

GROUP 

HS 

ISO 

XS 

ISO 

KS 

ISO 

TINE 

PERIOD 

MEAN 

STDERR 

HEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

HEAN 

STDERR 

BASELINE 

2.79 

0.41 

2.59 

0.26 

10.55 

1.16 

8.96 

0.65 

2.12 

0.23 

2.51 

0.33 

HID  SHOCK 

3.18 

0.40 

3.17 

0.17 

6.89 

0.79 

5.94 

0.28 

1.13 

0.18 

1.20 

0.10 

RO 

3.48 

0.63 

2.57 

0.31 

9.93 

1.82 

5.38 

0.39 

1.12 

0.25 

1.47 

0.17 

R60 

3.41 

0.39 

3.21 

0.35 

7.76 

1.00 

6. SO 

0.79 

1.68 

0.34 

1.73 

0.2S 

R120 

3.34 

0.35 

3.28 

0.34 

6.65 

1.02 

6.37 

0.39 

1.47 

0.31 

1.84 

0.46 

\<\  o 


Descriptive  Statistics 
Series  la 


ARMY  1A:  ISO  v«  HES 


PAC02A  HBA 

GROUP  GRaI> 


PA02A 

GROUP 


- 

fit'S 

ISO 

HES 

ISO 

HES 

ISO 

hean  stderr 

mean  stderr 

KEAN  STDERR 

MEAN  stderr 

KEAN  STDERR 

MEAN  STDERR 

TIME 

PERIOO 

BASELINE 

AO.  86 

0.31 

41.24 

0.64 

12.93 

0.94 

14.14 

0.81 

169.71 

13.22 

169.60 

7.86 

MID  SHOCK 

40.63 

0.45 

41.16 

0.43 

10.77 

0.82 

11.32 

0.66 

154.29 

10.79 

155.00 

9.82 

RO 

41.33 

0.40 

39.54 

0.52 

8.60 

0.65 

7.28 

0.46 

167.14 

13.79 

186.00 

6.12 

R60 

39.94 

1.02 

40.78 

1.28 

9.13 

0.58 

9.68 

0.68 

175.14 

12.40 

168.00 

7.40 

R120 

40.69 

0.48 

41.18 

1.35 

9.53 

0.79 

10.84 

0.92 

183.29 

13.14 

162.60 

6.14 

\Q  ^ 


ARMY  1A:  ISO  vs  HES 


(/idA  //f 


.  PHA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

TIME 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

7.39 

0.00 

7.39 

0.02 

37.51 

0.22 

37.32 

0.42 

17.58 

1.36 

19.47 

1.08 

MID  SHOCK 

7.34 

0.01 

7.32 

0.01 

38.03 

0.22 

38.06 

0.45 

14.69 

1.17 

15.71 

0.94 

RO 

7.29 

0.01 

7.28 

0.02 

37.92 

0.23 

36.61 

0.31 

11.83 

0.94 

10.34 

0.63 

R60 

7.33 

0.02 

7.29 

0.02 

37.88 

0.35 

37.85 

0.30 

12.56 

0.86 

13.50 

0.93 

R120 

7.29 

0.03 

7.25 

0.03 

38.29 

0.42 

38.69 

0.23 

13.09 

1.11 

14.86 

1.24 

\q3 


ARMY  1A:  ISO  vt  HES 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

TIME 

PERIOO 

HEAH 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

BASEL IME 

3.85 

0.21 

3.85 

0.22 

130.29 

5.51 

136.80 

9.75 

5.36 

1.37 

5.40 

0.58 

MID  SHOCK 

1.69 

0.10 

1.42 

0.15 

128.57 

9.34 

141.60 

11.63 

1.25 

0.52 

3.00 

0.76 

RO 

3.05 

0.13 

4.86 

0.48 

149.14 

8.22 

132.00 

7.59 

0.92 

1.27 

8.50 

1.43 

R60 

3.11 

0.38 

2.65 

0.27 

157.71 

10.93 

148.80 

2.94 

2.08 

0.83 

3.88 

0.72 

R120 

2.64 

0.46 

2.16 

0.42 

159.43 

11.92 

177.60 

9.60 

3.00 

1.30 

3.13 

0.59 

W4 


ARMY  1A:  ISO  VS  HES 


r 


PAP1  PAP2 

GROUP  GROUP 

HES  ISO  HES  ISO 


MEAN  STDERR 


TIME 

PERIOO 

BASELINE 

27.86 

1.65 

MID  SHOCK 

17.43 

1.59 

RO 

24.00 

2.12 

R60 

23.14 

1.98 

R120 

22.57 

2.39 

MEAN 

STDERR 

MEAN 

24.00 

0.84 

5.71 

15.40 

1.33 

1.86 

26.80 

1.02 

4.14 

18.80 

1.53 

1.71 

20.00 

1.38 

0.86 

STDERR  MEAN  STOERR 


1.38 

6.60 

2.04 

1.34 

2.20 

0.86 

1.42 

8.00 

1.79 

1.36 

3.00 

1.48 

1.56 

3.60 

1.29 

\A5 


Afttrr  ia 


ISO  vs  HES 


//g 


S8P 

DIP 

HAP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

TJHE 

PERIOD 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

HI  .43 

5.9S 

147.40 

7.43 

92.14 

8.85 

103.00 

9.70 

108.61 

7.59 

118.20 

8.99 

MID  SHOCK 

71.17 

3.16 

67.67 

8.19 

33.83 

2.39 

30.00 

1.73 

46.86 

2.09 

44.80 

2.44 

RO 

114.29 

3.35 

126.60 

4.48 

59.29 

4.29 

66.00 

6.40 

77.67 

3.47 

86.20 

4.99 

R60 

140.71 

4.42 

119.00 

3.67 

76.14 

3.22 

71.00 

3.67 

96.86 

1.77 

86.80 

2.84 

RA  20 

122.86 

13.58 

115.00 

8.94 

60.00 

11.90 

65.00 

8.37 

80.86 

12.02 

80.80 

8.70 

lo 


ARMY  1A:  ISO  vs  HES 


S02T 

RESP 

COP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

TIME 

PERIOO 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

553.43 

92.29 

749.47 

60.05 

14.57 

0.81 

13.20 

0.66 

11.13 

0.82 

12.34 

0.36 

MID  SHOCK 

205.08 

37.61 

219.00 

11.87 

13.86 

0.46 

12.80 

0.66 

9.87 

0.48 

10.40 

0.54 

*0 

308.03 

51.70 

499.74 

54.76 

16.43 

1.09 

15.80 

0.97 

14.80 

0.85 

5.50 

0.39 

R60 

382.30 

39.15 

356.94 

43.35 

14.71 

0.64 

13.20 

0.58 

12.21 

0.70 

7.78 

0.55 

R120 

341.74 

55.25 

315.65 

60.71 

13.43 

0.53 

13.40 

0.68 

12.11 

1.11 

8.28 

0.41 

m 


ARMY  1A:  ISO  vs  NES 


COSH 

CVP 

SVX 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

HEAR 

STDERR 

HEAR 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR  KEAN 

STDERR  MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

1.07 

0.26 

0.99 

0.31 

0.71 

1.19 

-0.20 

0.92  1967.27 

325.37  2484.56 

249.92 

MID  SHOCK 

0.98 

0.22 

0.99 

0.27 

-3.75 

0.95 

-2.90 

0.64  2425.43 

195.41  2765.21 

228.98 

RO 

0.98 

0.21 

0.93 

0.15 

-2.42 

0.83 

1.80 

1.34  2108.69 

134.52  1419.27 

82.78 

R60 

0.91 

0.21 

1.17 

0.67 

-1.67 

1.09 

-2.40 

0.83  2769.99 

302.10  2811.90 

286.84 

R120 

0.91 

0.64 

0.14 

-1.50 

1.01 

-3.20 

0.72  2659.64 

316.32  3589.67 

636.51 

ARHY  1A:  ISO  V*  HES 


V02 

GROUP 

HES  ISO 


TIKE 

PERJOO 

HEAN 

STDERR 

HEAN 

STDERR 

BASELINE 

214.75 

16.80 

213.39 

13.64 

HID  SHOCK 

116.09 

10.51 

114.46 

12.39 

RO 

164.90 

17.53 

232.55 

18.68 

R60 

159.06 

19.13 

175.90 

18.16 

R120 

173.50 

21.31 

157.25 

23.85 

ARMY  1A:  ISO  vs  HcS 


/l  2- 


LVSW 

GROUP 

HES  ISO 


TINE 

PER I 00 

MEAN 

STOERR 

MEAN 

STOERR 

BASELINE 

0.04 

0.005 

0.04 

0.003 

HID  SHOCK 

0.01 

0.000 

0.01 

0.001 

RO 

0.02 

0.002 

0.04 

0.005 

R60 

0.02 

0.003 

0.02 

0.003 

R120 

0.02 

0.005 

0.02 

0.003 

c 9,00 


ARMY  1A:  ISO  V*  HES 


Iff  Td/</Z3 


CSF 

ICP 

CPP 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

TIME 

PERIOD 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

BASELINE 

63.40 

6.29 

46.28 

3.32 

4.57 

1.93 

4.60 

3.23 

104.00 

7.58 

113.60 

10.02 

HID  SHOCK 

50.99 

5.60 

38.36 

2.97 

-3.14 

1.88 

-2.60 

2.62 

50.00 

2.81 

48.00 

4.48 

to 

63.50 

6.90 

53.12 

6.34 

0.00 

2.06 

11.80 

3.15 

80.57 

5.08 

74.40 

3.97 

*60 

54.79 

5.06 

48.67 

5.46 

3.14 

2.48 

7.80 

2.35 

93.43 

3.70 

79.00 

2.35 

*120 

45.66 

6.70 

44.10 

4.22 

4.00 

2.56 

7.40 

2.56 

76.86 

11.29 

73.40 

8.32 

ARMY  1A:  ISO  v»  HE* 


MAP 

CV02 

AVD02 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

TIME 

PERIOO 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

108.61 

7.59 

118.20 

8.99 

12.03 

1.34 

13.83 

0.88 

5.55 

0.21 

5.64 

0.55 

HID  SHOCK 

46.86 

2.09 

44.80 

2.44 

7.49 

0.60 

7.64 

1.00 

7.20 

0.72 

8.07 

0.41 

RO 

77.67 

3.47 

86.20 

4.99 

6.34 

0.57 

5.37 

0.57 

5.49 

0.64 

4.97 

0.64 

R60 

96.86 

1.77 

86.60 

2.84 

6.34 

0.55 

6.79 

0.77 

6.23 

0.44 

6.71 

0.57 

R120 

80.86 

12.02 

80.80 

8.70 

5.72 

1.18 

7.11 

0.66 

7.37 

0.89 

7.75 

1.05 

ARMY  1A:  ISO  vx  HES 


CMR02 

C02T 

CVR 

GROUP 

GROUP 

GROUP 

HES 

ISO 

HES 

ISO 

HES 

ISO 

TIME 

PERICO 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

BASELINE 

3.54 

0.42 

2.59 

0.26 

10.92 

1.08 

8.96 

0.65 

1.82 

0.33 

2.51 

0.33 

MIO  SHOCK 

3.43 

0.22 

3.17 

0.17 

7.13 

0.41 

5.94 

0.28 

1.00 

0.13 

1.20 

0.10 

RO 

3.35 

0.44 

2.57 

0.31 

7.16 

0.49 

5.38 

0.39 

1.36 

0.25 

1.47 

0.17 

R60 

3.31 

0.21 

3.21 

0.35 

6.68 

0.36 

6.50 

0.79 

1.82 

0.19 

1.73 

0.25 

R120 

3.04 

0.25 

3.28 

0.34 

5.89 

0.82 

6.37 

0.39 

1.75 

0.23 

1.84 

0.46 

A  03 


Descriptive  Statistics 
Series  la 
HES  vs.  HS 


PAC02A 


PA02A 


GROUP 


HSA 

GROUP 


GROUP 


HES 

HS 

HES 

HS 

HES 

HS 

MEAK  STOERR 

MEAN 

STOERR 

MEAN  STOERR 

MEAN 

STOERR 

MEAN  STOERR 

MEAN 

STOERR 

TINE 

PERIOO 

BASELINE 

40.86 

0.31 

39.52 

0.57 

12.93 

0.94 

13.75 

0.98 

169.71 

13.22 

190.50 

13.23 

MID  SHOC< 

40.63 

0.45 

40.18 

1.74 

10.77 

0.82 

11.32 

0.98 

154.29 

10.79 

187.67 

8.97 

RO 

41.33 

0.40 

40.35 

0.92 

8.60 

0.65 

8.40 

0.74 

167.14 

13.79 

196.50 

9.39 

R60 

39.94 

1.02 

41.82 

2.44 

9.13 

0.58 

10.73 

0.70 

175.14 

12.40 

176.00 

5.09 

R120 

40.69 

0.48 

38.90 

0.49 

9.53 

0.79 

10.22 

1.30 

183.29 

13.14 

183.20 

14.32 

ARMY  1A:  HS  ys  HES 


PHA 

TEMP 

0A02 

GROUP 

GROUP 

GROUP 

KES  HS  HES  HS  HES  KS 


TIME 

PERIOO 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

7.39 

0.00 

7.39 

0.01 

37.51 

0.22 

37.38 

0.39 

17.58 

1.36- 

18.81 

1.16 

MID  SHOCK 

7.34 

0.01 

7.31 

0.03 

38.03 

0.22 

38.06 

0.41 

14.69 

1.17 

15.60 

1.17 

RO 

7.29 

0.01 

7.22 

0.02 

37.92 

0.23 

37.80 

0.22 

11.83 

0.94 

11.75 

0.92 

R60 

7.33 

0.02 

7.23 

0.03 

37.88 

0.35 

38.34 

0.53 

12.56 

0.86 

14.95 

0.93 

R120 

7.29 

0.03 

7.23 

0.01 

38.29 

0.42 

38.95 

0.39 

13.09 

1.11 

14.31 

1.69 

JiOlo 


ARMY  1A:  HS  v*  HES 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

TIME 

PERIOO 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

BASELINE 

3.85 

0.21 

3.22 

0.42 

130.29 

5.51 

134.17 

8.34 

5.36 

1.37 

3.83 

2.07 

mid  shoo: 

1.69 

0.10 

1.21 

0.06 

128.57 

9.34 

145.00 

15.52 

1.25 

0.52 

0.08 

1.19 

RO 

3.05 

0.13 

2.95 

0.25 

149.14 

8.22 

148.67 

11.24 

0.92 

1.27 

3.08 

1.75 

R60 

3.11 

0.38 

1.72 

0.14 

157.71 

10.93 

176.50 

11.71 

2.08 

0.83 

3.10 

0.58 

R120 

2.64 

0.46 

1.52 

0.12 

159.43 

11.92 

177.60 

14.89 

3.00 

1.30 

2.38 

0.66 

AOl 


ARMY  1A:  IK  vs  HEt 


PAP1  PAP2 

GROUP  GROUP 

HES  HS  HES  HS 


MEAN  STOERR 


TIME 

PERIOD 

BASELINE 

27.86 

1.65 

MID  SHOCK 

17.43 

1.59 

RO 

24.00 

2.12 

R60 

23.14 

1.98 

R120 

22.57 

2.39 

MEAN  STOERR  MEAN 


23.67 

2.78 

5.71 

15.67 

1.80 

1.86 

30.00 

3.76 

4.14 

23.50 

1.52 

1.71 

23.80 

1.93 

0.86 

STOERR 

MEAN 

STOERR 

1.38 

4.50 

2.08 

1.34 

0.83 

1.30 

1.42 

1.83 

2.12 

1.36 

2.67 

0.33 

1.56 

3.20 

0.73 

ARMY  1A:  HS  vs  HES 


X  tj/s  /^>6 


SB P 

DBP 

MAP 

GROUP 

GROUP 

GROUP 

HES 

NS 

HES 

HS 

HES 

HS 

TIME 

PERIOD 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

141.43 

5.95 

141.50 

6.35 

92.14 

8.85 

99.17 

4.56 

108.61 

7.59 

113.17 

4.44 

HID  SHOCK 

71.17 

3.16 

77.33 

6.10 

33.83 

2.39 

34.17 

2.82 

46.86 

2.09 

48.60 

3.50 

RO 

114.29 

3.35 

133.33 

9.55 

59.29 

4.29 

55.83 

3.96 

77.67 

3.47 

81.72 

3.83 

R60 

140.71 

4.42 

128.33 

9.28 

76.14 

3.22 

57.50 

13.27 

96.86 

1.77 

81.67 

10.45 

R120 

122.86 

13.58 

114.00 

12.39 

60.00 

11.90 

49.60 

14.41 

80.86 

12.02 

77.66 

12.79 

AO°l 


ARMY  1A:  KS  v*  NET 


S02T 

*ESP 

COP 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

HS 

TINE 

PER I 00 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

553.43 

92.29 

596.08 

64.52 

14.57 

0.81 

13.83 

0.65 

11.13 

0.82 

11.07 

0.90 

NID  SHOCK 

205.08 

37.61 

188.42 

16.48 

13.86 

0.46 

13.33 

1.02 

9.87 

0.48 

9.30 

0.38 

RO 

308.03 

51.70 

343.87 

35.04 

16.43 

1.09 

18.00 

0.52 

14.80 

0.85 

6.07 

0.25 

*60 

382.30 

39.15 

225.64 

44.70 

14.71 

0.64 

12.83 

0.87 

12.21 

0.70 

7.90 

0.40 

R120 

341.74 

55.25 

215.80 

28.82 

13.43 

0.53 

14.00 

0.89 

12.11 

1.11 

7.72 

0.48 

<AlO 


I 


AMY  1A:  HS  vs  HES 


COSH 

CVP 

SYR 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

TIME 

PERIOO 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR  MEAN 

STDERR 

MEAN 

STOERR 

BASELINE 

1.07 

0.26 

0.93 

0.26 

0.71 

1.19 

-0.75 

1.14  1967.27 

325.37 

3026.56 

304.70 

MID  SHOCK 

0.96 

0.22 

0.98 

0.07 

-3.75 

0.95 

-4.08 

1.05  242S.43 

195.41 

3529.15 

279.24 

to 

0.96 

0.21 

1.11 

0.07 

-2.42 

0.83 

-1.92 

1.36  2108.69 

134.52 

2320.47 

128.75 

R60 

0.91 

0.21 

0.94 

0.13 

-1.67 

1.09 

-2.92 

0.69  2769.99 

302.10 

3883.72 

353.48 

R120 

0.91 

. 

0.89 

0.14 

-1.50 

1.01 

-2.60 

0.58  2659.64 

316.32 

3812.48 

464.94 

<an 


ARMY  1A:  K$  vs  HES 


V02 

GROUP 

HES  HS 


TIHE 

PERIOD 

MEAN 

STDERR 

MEAN 

STOERR 

BASEL IHE 

214.75 

16.  CO 

167.58 

30.31 

HID  SHOCK 

116.09 

10.51 

91.88 

13.24 

RO 

164.90 

17.53 

123.16 

15.26 

R60 

189.06 

19.13 

111.88 

9.13 

R120 

173.50 

21.31 

109.45 

10.67 

I  o\ 


ARMY  1A:  KS  vs  HES 


LVSW 

GROUP 

HES  HS 


TIME 

PERICO 

MEAN 

STDERR 

MEAN 

STOERR 

BASELINE 

0.04 

0.005 

0.04 

0.007 

MID  SHOCK 

0.01 

0.000 

0.01 

0.001 

to 

0.02 

0.002 

0.02 

0.004 

R60 

0.02 

0.003 

0.01 

0.002 

R120 

0.02 

0.005 

0.01 

0.003 

c5,i3 


AMT  1A:  NS  vs  MCS 


CEREBREAL  SLOCO  FLOW  INTRACRANIAL  PRESSURE  CPP 


GROUP 

GROUP 

GROUP 

HES 

NS 

HES 

HS 

HES 

TIME 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

63.  AO 

6.29 

56.27 

5.58 

4.57 

1.93 

7.17 

2.02 

104.00 

7.58 

105.00 

3.13 

KID  SHOCK 

50.99 

5.80 

45.86 

7.48 

-3.14 

1.88 

2.00 

2.16 

50.00 

2.81 

46.67 

2.26 

RO 

63.50 

6.90 

86.19 

15.51 

0.00 

2.06 

2.83 

1.87 

80.57 

5.08 

79.05 

2.48 

R60 

54.79 

5.06 

53.30 

8.30 

3.14 

2.48 

2.17 

3.00 

93.43 

3.70 

79.50 

10.19 

R120 

45.66 

6.70 

46.76 

4.92 

4.00 

2.56 

3.60 

3.04 

76.86 

11.29 

74.06 

13.68 

<31+ 


ARNY  1A:  HS  v«  HES 


NAP 

CV02 

A  VC  02 

GROUP 

GROUP 

GROUP 

ICS 

HS 

HES 

HS 

HES 

TINE 

PERIOO 

MEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

NEAN 

STDERR 

KEAN 

STDERR 

BASELINE 

108.61 

7.59 

113.17 

4.44 

12.03 

1.34 

13.53 

1.11 

5.55 

•\21 

5.27 

0.89 

NID  SHOCK 

46.86 

2.09 

48.60 

3.50 

7.49 

0.60 

7.97 

0.72 

7.20 

0.72 

7.64 

1.22 

RO 

77.67 

3.47 

81.72 

3.83 

6.34 

0.57 

7.60 

0.70 

5.49 

0.64 

4.15 

0.35 

R60 

96.86 

1.77 

81.67 

10.45 

6.34 

0.55 

8.20 

0.75 

6.23 

0.44 

6.74 

0.88 

R120 

80.86 

12.02 

77.66 

12.79 

5.72 

1.18 

6.92 

1.45 

7.37 

0.89 

7.39 

0.83 

4 1  S' 


ARMY  1A: 


HS  Vt  HE* 


CNR02 

C02T 

CVR 

GROUP 

GROUP 

GROUP 

HES 

HS 

HES 

HS 

HES 

TINE 

PERIOO 

KEAN 

S7DERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

3.54 

0.42 

2.79 

0.41 

10.92 

1.08 

10.55 

1.16 

1.82 

0.33 

2.12 

0.23 

MID  SHOCK 

3.48 

0.22 

3.18 

0.40 

7.13 

0.41 

6.89 

0.79 

1.00 

0.13 

1.13 

0.18 

RO 

3.35 

0.44 

3.48 

0.63 

7.16 

0.49 

9.93 

1.82 

1.36 

0.25 

1.12 

0.25 

R60 

3.31 

0.21 

3.41 

0.39 

6.68 

0.36 

7.76 

1.00 

1.82 

0.19 

1.68 

0.34 

R120 

3.04 

0.25 

3.34 

0.35 

5.89 

0.82 

6.65 

1.02 

1.75 

0.2S 

1.47 

0.31 

«ai<e 


Descriptive  Statistics 
Series  la 
HES  vs.  HES/HS 


A17 


Wq 

BJ 


ARNY  1  A:  HES/NS  V*  HES 


PAC02A 

GROUP 

HES  HES/HS 


HBA 

GROUP 

HES  HES/HS 


PA02A 

GROUP 

HES  HES/HS 


TINE 

PERIOD 

BASELINE 

HID  SHOCK 

RO 

R60 

R120 


KEAN 

STOERR 

MEAN 

STOERR 

HE  AN 

STOERR 

HEAN 

STOERR 

HEAN 

STOERR 

HEAN 

STOERR 

40.86 

0.31 

38.82 

1.44 

12.93 

0.94 

12.12 

0.88 

169.71 

13.22 

ISO. 20 

10.64 

40.63 

0.45 

42.04 

0.63 

10.77 

0.82 

10.28 

0.64 

154.29 

10.79 

168.80 

10.13 

41.33 

0.40 

38.04 

0.79 

8.60 

0.65 

7.36 

0.50 

167.14 

13.79 

191.80 

13.75 

39.94 

1.02 

40.82 

0.63 

9.13 

0.58 

8.86 

0.48 

175.14 

12.40 

191.60 

16.41 

40.69 

0.48 

39.02 

0.81 

9.53 

0.79 

10.02 

0.56 

183.29 

13.14 

178.20 

9.86 

ARMY  1A:  HES/HS  vt  KES 


- ~ 

f  . 

I  ~  '  ~ 


i» 


( 


PKA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

TINE 

PERIOO 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

7.39 

0.00 

7.40 

0.01 

37.51 

0.22 

37.16 

0.26 

17.58 

1.36 

17.65 

0.76 

NIO  SHOCK 

7.34 

0.01 

7.33 

0.01 

38.03 

0.22 

37.81 

0.17 

14.69 

1.17 

15.00 

0.59 

RO 

7.29 

0.01 

7.31 

0.02 

37.92 

0.23 

37.81 

0.17 

11.83 

0.94 

10.90 

0.67 

R60 

7.33 

0.02 

7.30 

0.02 

37.88 

0.35 

37.87 

0.43 

12.56 

0.86 

12.49 

0.88 

R120 

7.29 

0.03 

7.24 

0.06 

38.29 

0.42 

38.84 

0.53 

13.09 

1.11 

14.25 

1.36 

ARMY  1A:  HES/HS  vs  HES 


S8P 

DBP 

MAP 

GROUP 

GROUP 

GROUP 

HES/HS 

HES 

HES/HS 

HES 

HES/KS 

TINE 

PERIOD 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

141.43 

5.95 

132.80 

7.87 

92.14 

8.85 

81.00 

7.48 

108.61 

7.59 

96.40 

7.58 

MID  SHOCK 

71.17 

3.16 

76.00 

5.94 

33.83 

2.39 

33.50 

2.53 

46.86 

2.09 

43.20 

2.52 

RO 

114.29 

3.35 

115.00 

5.24 

59.29 

4.29 

51.00 

4.30 

77.67 

3.47 

72.40 

4.48 

R60 

140.71 

4.42 

138.60 

8.06 

76.14 

3.22 

71.00 

9.32 

96.86 

1.77 

93.40 

7.68 

*120 

122.86 

13.58 

117.00 

8.00 

60.00 

11.90 

52.60 

12.38 

80.86 

12.02 

74.06 

10.50 

430 


ft /A  /// 


ARMY  1A:  HES/HS  V*  HES 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

TIME 

PERIOD 

KEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

BASEL  I  HE 

3.85 

0.21 

4.39 

0.48 

130.29 

5.51 

146.40 

19.12 

5.36 

1.37 

5.00 

0.88 

MID  SHOCK 

1.69 

0.10 

1.94 

0.12 

128.57 

9.34 

133.20 

11.13 

1.25 

0.52 

2.2S 

0.92 

RO 

3.05 

0.13 

4.73 

0.34 

149.14 

8.22 

141.60 

11.00 

0.92 

1.27 

4.13 

0.99 

R60 

3.11 

0.33 

3.50 

0.67 

157.71 

10.93 

158.40 

8.82 

2.08 

0.83 

2.40 

0.73 

R120 

2.64 

0.46 

2.19 

0.44 

159.43 

11.92 

168.00 

18.59 

3.00 

1.30 

2.40 

0.73 

TIHE 

PERIOD 

BASELINE 

HID  SHOCK 

RO 

R60 

R120 


ARMY  1A:  BES/HS  »«  HE* 


PAP1 

GROUP 

HES  HES/HS 

hean  stoerr  hear  stderr 


27.86 

1.65 

24.60 

2.18 

17. A3 

1.59 

16.40 

1.60 

24.00 

2.12 

26.80 

2.73 

23.14 

1.98 

23.60 

4.45 

22.57 

2.39 

19.40 

1.44 

PAP2 

GROUP 

H^S  HES/HS 

HEAN  STDERR  hew  STOERR 


5.71 

1.38 

4.00 

1.61 

1.86 

1.34 

-0.80 

0.37 

4.14 

1.42 

3.20 

1.28 

1.71 

1.36 

1.40 

1.50 

0.86 

1.56 

1.80 

0.97 

ARMY  1A:  HES/HES  v»  HES 


TiMw 


S02T 

RESP 

COP 

GROUP 

GROUP 

GROUP 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

TIK 

PERIOD 

KEAN 

STDERR 

KEAN 

STDERR 

HEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

BASELINE 

553. A3 

92.29 

794.80 

80.40 

14.57 

0.81 

14.60 

0.40 

11.13 

0.82 

11.34 

1.13 

MID  SHOCK 

205.08 

37.61 

290.15 

20.87 

13.86 

0.46 

14.00 

0.55 

9.87 

0.48 

10.32 

1.00 

RO 

308.03 

51.70 

540.04 

44.87 

16.43 

1.09 

20.20 

0.66 

14.80 

0.85 

12.18 

1.08 

R60 

382.30 

39.15 

481.42 

63.27 

14.71 

0.64 

14.20 

0.86 

12.21 

0.70 

11.74 

0.73 

R120 

341.74 

55.25 

299.90 

28.35 

13.43 

0.53 

14.20 

0.86 

12.11 

1.11 

11.04 

1.02 

A33 


ARMY  1A:  HES/HES  v>  HES 


COSH 

CVP 

SVR 

GROUP 

GROUP 

GROUP 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

MEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STDERR 

KEAN 

STDERR  KEAN 

STDERR 

KEAN 

STDERR 

TINE 

PER I 00 

BASELINE 

1.07 

0.26 

0.76 

0.06 

0.71 

1.19 

-0.70 

0.96  1967.27 

325.37 

1852.82 

124.31 

HID  SHOCK 

0.96 

0.22 

0.67 

0.02 

*3.75 

0.95 

-2.88 

0.55  2425.43 

195.41 

2074.48 

261.55 

RO 

0.98 

0.21 

0.62 

0.11 

*2.42 

0.83 

-0.63 

0.77  2108.69 

134.52 

1244.90 

68.84 

R60 

0.91 

0.21 

0.73 

0.04 

*1.67 

1.09 

-2.40 

0.43  2769.99 

302.10 

2382.62 

433.65 

R120 

0.91 

0.67 

0.02 

-1.50 

1.01 

-3.00 

0.57  2659.64 

316.32 

3184.36 

311.75 

■=224 


ARMY  1A:  HES/HES  vt  KES 


V02 

GROUP 

HES  HES/HS 


TIME 

PERIOO 

MEAN 

STDERR 

KEAN 

STDERR 

BASELINE 

2H.75 

16.80 

242.27 

32.87 

MID  SHOCK 

116.09 

10.51 

120.56 

5.37 

RO 

164.90 

17.53 

211.49 

44.60 

R60 

189.06 

19.13 

217.35 

23.36 

R120 

173.50 

21.31 

154.41 

21.85 

5" 


ARMY  1A:  HES/HS  v*  HES 


LVSW 

GROUP 

HES  HES/HS 


TIME 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

0.04 

0.005 

0.04 

0.009 

MIO  SHOCK 

0.01 

0.000 

0.01 

0.001 

RO 

0.02 

0.002 

0.03 

0.007 

R60 

0.02 

0.003 

0.03 

0.005 

R120 

0.02 

0.005 

0.04 

0.028 

Am  1A:  HES/HS  VS  MES 


CEREBREAL  BLOCO  FLOW  INTRACRANIAL  PRESSURE  CPP 


GROUP 

GROUP 

GROUP 

HES 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

TINE 

PER  ICC 

KEAN 

STOERR 

MEAN 

STOERR 

HEAN 

STOERR 

KEAN 

STOERR 

KEAN 

STOERR 

KEAN 

STOERR 

BASELINE 

63.40 

6.29 

54.60 

6.23 

4.57 

1.93 

7.60 

2.58 

104.00 

7.58 

90.80 

6.83 

HID  SHOCK 

50.99 

5.80 

48.22 

2.28 

-3.14 

1.88 

2.40 

0.24 

50.00 

2.81 

40.80 

2.60 

RO 

63.50 

6.90 

84.03 

7.50 

0.00 

2.06 

4.20 

1.69 

80.57 

5.08 

68.20 

3.95 

R60 

54.79 

5.06 

57.95 

2.36 

3.14 

2.48 

-0.80 

2.82 

93.43 

3.70 

94.20 

5.84 

R120 

45.66 

6.70 

51.35 

5.44 

4.00 

2.56 

1.40 

4.32 

76.86 

11.29 

72.60 

6.43 

AMY  1A:  HES/HS  V*  KES 


NAR 

cvoz 

AVD02 

GROUP 

GROUP 

GROUP 

HES 

HE5/HS 

HES 

KES/HS 

HES 

HES/HS 

TINE 

PERIOD 

KEAN 

STD  ERR 

NEAN 

STOERR 

NEAN 

STDERR 

KEAN 

STDERR 

NEAN 

STDERR 

NEAN 

STDERR 

BASELINE 

108.61 

7.59 

98.40 

7.58 

12.03 

1.34 

12.32 

0.62 

5.55 

0.21 

5.33 

0.33 

HID  SHOCK 

46.86 

2.09 

43.20 

2.52 

7.49 

0.60 

8.92 

0.63 

7.20 

0.72 

6.26 

0.30 

RO 

77.67 

3.47 

72.40 

4.48 

6.34 

0.57 

6.56 

0.55 

5.49 

0.64 

4.34 

0.92 

R60 

96.86 

1.7? 

93.40 

7.68 

6.34 

0.55 

6.78 

0.51 

6.23 

0.44 

5.71 

0.51 

R120 

80.86 

12.32 

74.06 

10.50 

5.72 

1.18 

6.85 

0.96 

7.37 

0.89 

7.40 

1.23 

ARMY  1A:  HES/HS  VS  HES 


CHR02 

COST 

CVR 

GROUP 

GROUP 

GROUP 

HES 

HES/HS 

HES 

HES/HS 

HES 

HES/HS 

TIME 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

3.54 

0.42 

2.73 

0.24 

10.92 

1.08 

9.15 

1.04 

1.82 

0.33 

1.75 

0.26 

MID  SHOCK 

3.48 

0.22 

2.83 

0.09 

7.13 

0.41 

6.82 

0.56 

1.00 

0.13 

0.90 

0.07 

RO 

3.35 

0.44 

3.19 

0.85 

7.16 

0.49 

8.88 

0.58 

1.36 

0.25 

1.05 

0.24 

R60 

3.31 

0.21 

3.64 

0.33 

6.68 

0.36 

8.05 

0.88 

1.82 

0.19 

1.45 

0.17 

R120 

3.04 

0.25 

3.41 

0.28 

5.89 

0.82 

6.66 

0.33 

1.75 

0.23 

1.48 

0.17 

<23.3 


Descriptive  Statistics 
Series  la 
HS  vs.  HES/HS 


c33o 


ARMY  1A:  MS  vs  HES/HS 


PAC02A 

MSA 

PA02A 

GROUP 

GROUP 

GROUP 

HES/HS 

NS 

HES/HS 

MS 

HES/HS 

TIME 

PERIOO 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

38.82 

1.44 

39.52 

0.57 

12.12 

0.88 

13.75 

0.98 

180.20 

10.64 

190.50 

13.23 

MID  SHOCK 

42.04 

0.63 

40.18 

1.74 

10.28 

0.64 

11.32 

0.98 

168.80 

10.13 

187.67 

8.97 

SO 

38.04 

0.79 

40.35 

0.92 

7.36 

0.50 

8.40 

0.74 

191.80 

13.75 

196.50 

9.39 

R60 

40.82 

0.63 

41.82 

2.44 

8.86 

0.48 

10.73 

0.70 

191.60 

16.41 

176.00 

5.09 

R120 

39.02 

0.81 

38.90 

0.49 

10.02 

0.56 

10.22 

1.30 

178.20 

9.86 

183.20 

14.32 

231 


AJStt  1A:  NS  vt  HES/KS 


PHA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

HES/KS 

TINE 

PERIOO 

KEAN 

STOERR 

KEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

KEAN 

STDERR 

MEAN 

STDERR 

SASELINE 

7.40 

0.01 

7.39 

0.01 

37.16 

0.26 

37.38 

0.39 

17.65 

0.76 

18.81 

1.16 

KID  SHOCK 

7.33 

0.01 

7.31 

0.03 

37.81 

0.17 

38.06 

0.41 

15.00 

0.59 

15.60 

1.17 

RO 

7.31 

0.02 

7.22 

0.02 

37.81 

0.17 

37.80 

0.22 

10.90 

0.67 

11.75 

0.92 

R60 

7.30 

0.02 

7.23 

0.03 

37.87 

0.43 

38.34 

0.53 

12.49 

0.88 

14.95 

0.93 

R120 

7.24 

0.06 

7.23 

0.01 

38.84 

0.53 

38.95 

0.39 

14.25 

1.36 

14.31 

1.69 

ARMY  1A:  MS  Vt  MES/HS 


/■& 


CO 

HR 

PAOP 

GROUP 

GROUP 

GROUP 

MES/HS 

MS 

HES/HS 

HS 

KES/HS 

TIME 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

*.39 

0.48 

3.22 

0.*2 

1*6. *0 

19.12 

134.17 

8.3* 

5.00 

0.88 

3.83 

2.07 

MID  SHOCK 

1.9* 

0.12 

1.21 

0.06 

133.20 

11.13 

1*5.00 

15.52 

2.25 

0.92 

0.08 

1.19 

RO 

*.73 

0.3* 

2.95 

0.25 

1*1.60 

11.00 

1*8.67 

11.2* 

*.13 

0.99 

3.08 

1.75 

R60 

3.50 

0.67 

1.72 

0.1* 

158. *0 

8.82 

176.50 

11.71 

2.*0 

0.73 

3.10 

0.58 

R120 

2.19 

0.** 

1.52 

0.12 

168.00 

18.59 

177.60 

14.89 

2.*0 

0.73 

2.38 

0.66 

AJWY  1A:  RS  Vt  HES/HS 


PAP1 


PAP  2 


GROUP 


GROUP 


HES/HS  «s 

HEAR  stoerr  rear  stderr 


HES/HS 

HEAR  STOERR 


NS 

HEAR  stderr 


TIRE 

PERIOO 

BASEURE 

24.60 

2.18 

23.67 

HID  SHOCK 

16.40 

1.60 

15.67 

RO 

26.80 

2.73 

30.00 

R60 

23.60 

4.45 

23.50 

R120 

19.40 

1.44 

23.80 

2.7S 

4. CO 

1.61 

4.50 

2.08 

1.80 

-0.80 

0.37 

0.83 

1.30 

3.76 

3.20 

1.28 

1.83 

2.12 

1.52 

1.40 

1.50 

2.67 

0.33 

1.93 

1.80 

0.97 

3.20 

0.73 

<534 


/& 


7iM/0 


ARMY  1A:  HS  Vt  HES/HS 


S02T 

IESP 

COP 

GROUP 

GROUP 

GROUP 

HES/HS 

KS 

HES/HS 

HS 

HES/HS 

TINE 

PERIOD 

MEAN 

STOESR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

BASELINE 

794. SO 

80.40 

596.08 

64.52 

14.60 

0.40 

13.83 

0.65 

11.34 

1.13 

11.07 

0.90 

NID  SHOCK 

290.15 

20.87 

188.42 

16.48 

14.00 

0.55 

13.33 

1.02 

10.32 

1.00 

9.30 

0.38 

RO 

540.04 

44.87 

343.87 

35.04 

20.20 

0.66 

18.00 

0.52 

12.18 

1.08 

6.07 

0.25 

R60 

481.42 

63.27 

225.64 

44.70 

14.20 

0.86 

12.83 

0.87 

11.74 

0.73 

7.90 

0.40 

RIM 

299.90 

28.35 

215.80 

28.82 

14.20 

0.86 

14.00 

0.89 

11.04 

1.02 

7.72 

0.48 

c 


ARMY  1A:  HS  vs  HES/HS 


COSM 

CVP 

SVR 

GROUP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

HES/HS 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR  MEAN 

STDERR 

TIME 

PERIOD 

BASELINE 

0.76 

0.06 

0.93 

0.26 

-0.70 

0.98 

-0.75 

1.14 

1852.82 

124.31  3026.56 

304.70 

MID  SHOCK 

0.6^ 

0.02 

0.98 

0.07 

-2.88 

0.55 

-4.08 

1.05 

2074.48 

261.55  3529.15 

279.24 

RO 

0.62 

0.11 

1.11 

0.07 

-0.63 

0.77 

-1.92 

1.36 

1244.90 

68.84  2320.47 

128.75 

R60 

0.73 

0.04 

0.94 

0.13 

-2.40 

0.43 

-2.92 

0.69 

2382.62 

433.65  3883.72 

353.48 

R120 

0.67 

0.02 

0.89 

0.14 

-3.00 

0.57 

-2.60 

0.58 

3184.36 

311.75  3812.48 

464.94 

'/t4A  P ' 


ARMY  1A:  HS  v*  HES/HS 


V02 

GROUP 

HES/HS  HS 

MEAN  STDERR  kean  STDERR 


TIME 

PERIOO 

baseline 

242.27 

32.87 

167.58 

30.31 

mid  SHOCK 

120.56 

5.37 

91.88 

13.24 

RO 

211.49 

44.60 

123.16 

15.26 

R60 

217.35 

23.36 

111.88 

9.13 

R120 

154.41 

21.85 

109.45 

10.67 

<3.3.1 


ARMY  1A:  HI  v*  ICI/MS 


tvsu 

GROUP 

HES/HS  HS 


TIKE 

PERICO 

HE  AH 

STDERR 

MEAH 

STDERR 

BASEL I HE 

0.04 

0.009 

0.04 

0.007 

MID  SHOCK 

0.01 

0.001 

0.01 

0.001 

RO 

0.03 

0.007 

0.02 

0.004 

R60 

0.03 

0.005 

0.01 

0.002 

R120 

0.04 

0.028 

0.01 

0.003 

ARMY  1A:  H*  vs  NES/RS 


S8P 

D«P 

HAP 

GROUP 

GROUP 

GROUP 

HES/HS 

HS 

HES/HS 

HS 

HES/HS 

TINE 

PERIOO 

KEAN 

STOERR 

KEAN 

STOERR 

HEAR 

STOERR 

HEAN 

STDERR 

MEAN 

STOERR 

HEAN 

STDERR 

BASELINE 

132.80 

7.87 

141.50 

6.35 

81.00 

7.48 

99.17 

4.56 

98.40 

7.58 

113.17 

4.44 

HID  SHOCK 

76.00 

5.94 

77.33 

6.10 

33.50 

2.53 

34.17 

2.82 

43.20 

2.52 

48.60 

3.50 

RO 

115.00 

5.24 

133.33 

9.55 

51.00 

4.30 

55.83 

3.96 

72.40 

4.48 

81.72 

3.83 

R60 

138.60 

8.06 

128.33 

9.28 

71.00 

9.32 

57.50 

13.27 

93.40 

7.68 

81.67 

10.45 

R120 

117.00 

8.00 

114.00 

12.39 

52.60 

12.38 

49.60 

14.41 

74.06 

10.50 

77.66 

12.79 

ARMY  1A:  «*  «  HES/HS 


CEREBREAl  BIOCO  FLOW 
GROUP 

HES/HS  HS 

MEAN  STDERR  MEAN  STOERR 


intracranial  pressure 
GROUP 

RES/NS  HS 

MEAN  STOERR  MEAN  STDERR 


CPP 

GROUP 

HES/HS  HS 

MEAN  STDERR  MEAN  STDERR 


TIME 

PERIOD 

BASELINE 

54.60 

6.23 

56.27 

5.58 

7.60 

MID  SHOCK 

48.22 

2.28 

45.86 

7.48 

2.40 

RO 

84.03 

7.50 

86.19 

15.51 

4.20 

R60 

57.95 

2.36 

53.30 

8.30 

•0.80 

R120 

51.35 

5.44 

46.76 

4.92 

1.40 

2.58 

7.17 

2.02 

90.80 

6.83 

106.00 

3.13 

0.24 

2.00 

2.16 

40.80 

2.60 

46.67 

2.26 

1.69 

2.83 

1.87 

68.20 

3.95 

79.05 

2.48 

2.82 

2.17 

3.00 

94.20 

5.84 

79.50 

10.19 

4.32 

3.60 

3.04 

72.60 

6.43 

74.06 

13.68 

<2Mo 


ARMY  1A:  RS  vs  HES/RS 


HAP 

CV02 

AVD02 

GROUP 

GROUP 

GROUP 

HES/HS 

MS 

HES/HS 

MS 

KES/HS 

TINE 

PERIOD 

KEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

BASELINE 

98.40 

7.58 

113.17 

4.44 

12.32 

0.62 

13.53 

1.11 

5.33 

0.33 

5.27 

0.89 

HID  SHOCK 

43.20 

2.52 

48.60 

3.50 

8.92 

0.63 

7.97 

0.72 

6.26 

0.30 

7.64 

1.22 

RO 

72.40 

4.48 

81.72 

3.83 

6.56 

0.55 

7.60 

0.70 

4.34 

0.92 

4.15 

0.35 

*60 

93.40 

7.68 

81.67 

10.45 

6.78 

0.51 

8.20 

0.75 

5.71 

0.51 

6.74 

0.88 

R120 

74.06 

10.50 

77.66 

12.79 

6.85 

0.96 

6.92 

1.45 

7.40 

1.23 

7.39 

0.88 

«3M| 


ARMY  1A:  HS  vs  HES/ttS 


CHS  02 

COST 

CVS 

GROUP 

GROUP 

GROUP 

HES/HS 

HS 

KES/HS 

HS 

HES/HS 

TIME 

PERICO 

MEAN 

STOERR 

MEAN 

STOERR 

>£AN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

2.73 

0.24 

2.79 

0.41 

9.15 

1.04 

10.55 

1.16 

1.75 

0.26 

2.12 

0.23 

MID  SHOCK 

2.83 

0.09 

3.18 

0.40 

6.82 

0.56 

6.89 

0.79 

0.90 

0.07 

1.13 

0.18 

10 

3.19 

0.85 

3.48 

0.63 

8.88 

0.58 

9.93 

1.82 

1.05 

0.24 

1.12 

0.25 

R60 

3.64 

0.33 

3.41 

0.39 

8.05 

0.88 

7.76 

1.00 

1.45 

0.17 

1.68 

0.34 

R120 

3.41 

0.28 

3.34 

0.35 

6.66 

0.33 

6.65 

1.02 

1.48 

0.17 

1.47 

0.31 

c=m 


Descriptive  Statistics 
Series  la 
ISO  vs.  HES/HS 


cPMB. 


A  3 


A m  1A:  ISO  V*  HES/HS 


PAC02A 

NSA 

PA02A 

GROUP 

GROUP 

GROUP 

KES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

TINE 

PERIOD 

KEAN 

STOERR 

MEAN 

STOERR 

KEAN 

STOERR 

KEAN 

STOERR 

KEAN 

STOERR 

KEAN 

STOERR 

BASELINE 

38.82 

1.44 

41.24 

0.64 

12.12 

0.88 

14.14 

0.81 

180.20 

10.64 

169.60 

7.86 

NID  SHOCK 

42.04 

0.63 

41.16 

0.43 

10.28 

0.64 

11.32 

0.66 

168.80 

10.13 

155.00 

9.82 

BO 

38.04 

0.79 

39.54 

0.52 

7.36 

0.50 

7.28 

0.46 

191.80 

13.75 

186.00 

6.12 

*60 

40.82 

0.63 

40.78 

1.28 

8.86 

0.48 

9.68 

0.68 

191.60 

16.41 

168.00 

7.40 

B120 

39.02 

0.81 

41.18 

1.35 

10.02 

0.56 

10.84 

0.92 

178.20 

9.86 

162.60 

6.14 

ARMY  1A:  ISO  vs  KES/H8 


PKA 

TEMP 

CA02 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

TIME 

PER 1 00 

MEAN 

STOERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELIHE 

7.40 

0.01 

7.39 

0.02 

37.16 

0.26 

37.32 

0.42 

17.65 

0.76 

19.47 

1.08 

MID  SHOCK 

7.33 

0.01 

7.32 

0.01 

37.81 

0.17 

38.06 

0.45 

15.00 

0.59 

15.71 

0.94 

RO 

7.31 

0.02 

7.28 

0.02 

37.81 

0.17 

36.61 

0.31 

10.90 

0.67 

10.34 

0.63 

R60 

7.30 

0.02 

7.29 

0.02 

37.87 

0.43 

37.85 

0.30 

12.49 

0.88 

13.50 

0.93 

R120 

7.24 

0.06 

7.25 

0.03 

38.84 

0.53 

38.69 

0.23 

14.25 

1.36 

14.86 

1.24 

c?H5 


ARMY  1A:  ISO  V*  HES/HS 


CO 

KR 

PAQP 

GROUP 

GROUP 

GROUP 

HES/KS 

ISO 

HES/HS 

ISO 

RES/HS 

ISO 

TIME 

PERIOO 

KEAN 

STOERR 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

EASELINE 

A. 39 

0.48 

3.85 

0.22 

146.40 

19.12 

136.80 

9.75 

5.00 

0.88 

5.40 

0.58 

HID  SHOCK 

1.94 

0.12 

1.42 

0.15 

133.20 

11.13 

141.60 

11.63 

2.25 

0.92 

3.00 

0.76 

RO 

4.73 

0.34 

4.86 

0.48 

141.60 

11.00 

132.00 

7.59 

4.13 

0.99 

8.50 

1.43 

R60 

3.50 

0.67 

2.65 

0.27 

158.40 

8.82 

148.80 

2.94 

2.40 

0.73 

3.88 

0.72 

R120 

2.19 

0.44 

2.16 

0.42 

168.00 

18.59 

177.60 

9.60 

2.40 

0.73 

3.13 

0.59 

ARMY  1A:  ISO  V*  HES/M 


PAP1 

PAP2 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

TIME 

PERIOD 

MEAN 

STOERR 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

24.60 

2.18 

24.00 

0.84 

4.00 

1.61 

6.60 

2.04 

HID  SHOCK 

16.40 

1.60 

15.40 

1.33 

-0.80 

0.37 

2.20 

0.86 

RO 

26.80 

2.73 

26.80 

1.02 

3.20 

1.28 

8.00 

1.79 

R60 

23.60 

4.45 

18.80 

1.53 

1.40 

1.50 

3.00 

1.48 

R120 

19.40 

1.44 

20.00 

1.38 

1.S0 

0.97 

3.60 

1.29 

ARMY  1A:  ISO  v*  HES/KS 


^iAf  /&fA  ? 


sap 

DBP 

MAP 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

TINE 

PERIOD 

MEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

BASELINE 

132.80 

7.87 

147.40 

7.43 

81.00 

7.48 

103.00 

9.70 

98.40 

7.58 

118.20 

8.99 

MID  SHOCK 

76.00 

5.94 

67.67 

8.19 

33.50 

2.53 

30.00 

1.73 

43.20 

2.52 

44.80 

2.44 

RO 

115.00 

5.24 

126.60 

4.48 

51.00 

4.30 

66.00 

6.40 

72.40 

4.48 

86.20 

4.99 

R60 

138.60 

8.06 

119.00 

3.67 

71.00 

9.32 

71.00 

3.67 

93.40 

7.68 

86.80 

2.84 

R120 

117.00 

8.00 

115.00 

8.94 

52.60 

12.38 

65.00 

8.37 

74.06 

10.50 

80.80 

8.70 

ARMY  1A2  ISO  vs  HES/MS 


S02T 

RESP 

COP 

GROUP 

GROUP 

GROUP 

HES/HS  ISO  HES/HS  ISO  HES/HS  ISO 


TINE 

PERIOO 

MEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

794.80 

80.40 

749.47 

60.05 

14.60 

0.40 

13.20 

0.66 

11.34 

1.13 

12.34 

0.36 

NID  SHOCK 

290.15 

20.87 

219.00 

11.87 

14.00 

0.55 

12.80 

0.66 

10.32 

1.00 

10.40 

0.54 

RO 

540.04 

44.87 

499.74 

54.76 

20.20 

0.66 

15.80 

0.97 

12.18 

1.08 

5.50 

0.39 

R60 

481.42 

63.27 

356.94 

43.35 

14.20 

0.86 

13.20 

0.58 

11.74 

0.73 

7.78 

0.55 

R120 

299.90 

28.35 

315.65 

60.71 

14.20 

0.86 

13.40 

0.68 

11.04 

1.02 

8.28 

0.41 

ARMY  1A:  ISO  vs  X£S/HS 


'/&/4 


COSH 

CVP 

SVR 

GROUP 

GROUP 

GROUP 

HES/HS 

ISO 

HES/HS 

ISO 

HES/HS 

TIME 

PERIOD 

KEAN 

STDERR 

KEAN 

STDERR 

MEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

KEAN 

STDERR 

BASEUNE 

0.76 

0.06 

0.99 

0.31 

•0.70 

0.96 

-0.20 

0.92 

1852.82 

124.31 

2484.56 

249.92 

MID  SHOCK 

0.67 

0.02 

0.99 

0.27 

-2.68 

0.55 

•2.90 

0.64 

2074.48 

261.55 

2765.21 

228.98 

RO 

0.62 

0.11 

0.93 

0.15 

-0.63 

0.77 

1.80 

1.34 

1244.90 

68.84 

1419.27 

82.78 

R60 

0.73 

0.04 

1.17 

0.67 

-2.40 

0.43 

-2.40 

0.83 

2382.62 

433.65 

2811.90 

286.84 

R120 

0.67 

0.02 

0.64 

0.14 

-3.00 

0.57 

-3.20 

0.72 

3184.36 

311.75 

3589.67 

636.51 

C 150 
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PERIOD 

HES/HS 

HEAR  STDERR 

ISO 

MEAN  STDERR 

baseiime 

242.27 

32.87 

213.39 

13.64 

mid  shock 

120,56 

5.37 

114.46 

12.39 

RO 

211.49 

44.60 

232.55 

18.68 

R60 

217.35 

23.36 

175.90 

18.16 

R120 

154.41 

21.85 

157.25 

23.85 
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ARHY  1A:  ISO  V9  HES/HS 


LVSW 

GROUP 

HES/HS  ISO 


TIKE 

PERICO 

KEAN 

STDERR 

MEAN 

STDERR 

BASELINE 

0.04 

0.009 

0.04 

0.003 

HID  SHOCK 

0.01 

0.001 

0.01 

0.001 

RO 

0.03 

0.007 

0.04 

0.005 

R60 

0.03 

0.005 

0.02 

0.003 

R120 

0.04 

0.028 

0.02 

0.003 

ARH7  1A:  ISO  va  HES/KS 


CEREBREAL  ILOOO  FLOW  INTRACRANIAL  PRESSURE  CPP 


GROUP 

GROUP 

GROUP 

HES/HS 
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HES/HS 
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HES/HS 
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MEAN 

STDERR 
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STDERR 
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STDERR 
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STDERR 
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STDERR 

MEAN 

STDERR 
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46.28 

3.32 

7.60 

2.58 

4.60 

3.23 

90.80 

6.83 

113.60 

10.02 

KID  SHOCK 

48.22 

2.28 

38.36 

2.97 

2.40 

0.24 

-2.60 

2.62 

40.80 

2.60 

48.00 

4.48 

RO 

84.03 

7.50 

53.12 

6.34 

4.20 

1.69 

11.80 

3.15 

68.20 

3.95 

74.40 

3.97 

R60 

57.95 

2.36 

48.67 

5.46 

-0.80 

2.82 

7.80 

2.35 

94.20 

5.84 

79.00 

2.35 

R120 

51.35 

5.44 

44.10 

4.22 

1.40 

4.32 

7.40 

2.56 

72.60 

6.43 

73.40 

8.32 
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CV02 
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GROUP 

GROUP 

HES/HS 
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TIME 

PERIOD 

KEAN 

STDERR 

MEAN 

STDERR 

MEAN 

STDERR 
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STDERR 

KEAN 

STDERR 

KEAN 

STDERR 
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98. AO 

7.58 

118.20 
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12.32 

0.62 

13.83 

0.88 

5.33 

0.33 

5.64 

0.55 

HID  SHOCK 

43.20 

2.52 

44.80 

2.44 

8.92 

0.63 

7.64 

1.00 

6.26 

0.30 

8.07 

0.41 

RO 

72.40 

4.48 

86.20 

4.99 

6.56 

0.55 

5.37 

0.57 

4.34 

0.92 

4.97 

0.64 

R60 

93.40 

7.68 

86.80 

2.84 

6.78 

0.51 

6.79 

0.77 

5.71 

0.51 

6.71 

0.57 

R120 

74.06 

10.50 

80.80 

8.70 

6.85 

0.96 

7.11 

0.66 

7.40 

1.23 

7.75 

1.05 
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PERIOD 

MEAN 

STDERR 

MEAN 

STOERR 

MEAN 

STDERR 

MEAN 

STDERR 
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STDERR 

MEAN 

STDERR 

BASELINE 

2.73 

0.24 

2.59 

0.26 

9.15 

1.04 

8.96 

0.65 

1.75 

0.26 

2.51 

0.33 

MID  SHOCK 

2.83 

0.09 

3.17 

0.17 

6.82 

0.56 

5.94 

0.28 

0.90 

0.07 

1.20 

0.10 

RO 

3.19 

0.8S 

2.57 

0.31 

8.88 

0.58 

5.38 

0.39 

1.05 

0.24 

1.47 

0.17 

R60 

3.64 

0.33 

3.21 

0.35 

8.05 

0.88 

6.50 

0.79 

1.45 

0.17 

1.73 

0.25 

R120 

3.41 

0.28 

3.28 

0.34 

6.66 

0.33 

6.37 

0.39 

1.48 

0.17 

1.84 

0.46 
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ABSTRACT 

We  compared  canine  systemic  hemodynamics  and  organ  blood  flow  (radioactive 
microsphere  technique)  following  resuscitation  with  0.8%  saline  (SAL;  Na+  137 
mEq-L'1)  to  resuscitation  with  7.2%  saline  (HS;  Na+  1233  rnEq^L'1),  20% 
hydroxyethyl  starch  (HES)  in  0.8%  saline,  or  a  combination  fluid  consisting  of  20% 
hydroxyethyl  starch  in  7.2%  saline  (HS/HES),  each  in  a  volume  approximating  15%  of 
shed  blood  volume.  Twenty-four  endotracheally  intubated  mongrel  dogs  (18-24  kg) 
were  ventilated  to  maintain  normocarbia  with  halothane  0.5%  in  nitrous  oxide  and 
oxygen  (60:40).  Following  a  30-minute  period  of  hemorrhagic  shock  (mean  arterial 
pressure  =  45  mm  Hg),  extending  from  time  (T)  0  to  T30,  animals  received  one  of 
four  randomly  assigned  intravenous  resuscitation  fluids:  SAL  (54  ml ‘kg*1),  HS  (6.0 
ml*  kg'1),  HES  (6.0  ml*  kg'1)  or  HS/HES  (6.0  ml  •kg'1).  Data  were  collected  at 
baseline  (BL),  mid-shock  (T15),  immediately  after  fluid  infusion  (T35)  and  at  60- 
minute  intervals  for  two  hours  (T95,  T155).  Mean  arterial  pressure  (MAP)  increased 
in  all  groups  following  resuscitation.  Cardiac  output  (CO)  increased  with  resuscitation 
in  all  groups,  exceeding  baseline  in  the  SAL  and  HS/HES  groups  (p  <  0.05 
compared  to  HS  or  HES).  At  T95,  CO  was  significantly  greater  in  either  of  the  two 
colloid-containing  groups  than  in  the  HS  group  (p<0.05).  Following  resuscitation, 
brain  blood  flow,  myocardial  blood  flow,  and  renal  blood  flow  were  similar  among 
groups.  Hepatic  arterial  flow  (HAF)  following  shock  varied  significantly  among 
groups  (p  <  0.05).  HS  and  HES  produced  minimal  improvements  in  HAF,  SAL 
markedly  increased  HAF  to  levels  exceeding  baseline  (p<0.05  SAL  vs  HES),  and 
HS/HES  increased  HAF  to  near  baseline  levels.  At  T155,  HAF  had  decreased  in  all 
groups;  HAF  in  the  HS  group  had  decreased  to  levels  comparable  to  those  during 
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shock.  Small  volume  resuscitation  with  the  combination  of  HS/HES  is  comparable  to 
much  larger  volumes  of  0.8%  saline,  and  is  equal  or  superior  to  HS  or  HES  in  the 
ability  to  restore  and  sustain  systemic  arterial  pressure  and  improve  organ  blood  flow 
following  resuscitation  from  hemorrhagic  shock. 
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INTRODUCTION 

Prompt  restoration  of  blood  pressure  and  cardiac  output  is  essential  in  the 
acute  resuscitation  of  trauma  victims.  Ideally,  the  fluid  infused  should  restore  systemic 
hemodynamics  when  administered  rapidly  in  a  small  volume  constituting  a  fraction  of 
shed  blood  volume.  Recently,  small  volumes  of  hypertonic  salt  solutions  have  been 
used  to  effectively  restore  systemic  hemodynamics.  Velasco  and  colleagues  initially 
reported  that  as  little  as  4.0  ml ‘kg'1  of  7.5%  saline  could  effectively  restore  blood 
pressure  and  cardiac  output  and  produce  100%  survival  in  dogs  subjected  to 
hemorrhage  approximating  40  ml -kg'1  (1*3).  Subsequent  investigators  have 
demonstrated  that  hypertonic  saline,  in  a  variety  of  concentrations,  with  and  without 
added  colloid,  produces  acute  stabilization  when  administered  in  a  volume  much 
smaller  than  the  original  shed  blood  volume  (4-12).  The  addition  of  colloid,  usually 
6.0%  low-molecular  weight  dextran,  has  been  used  to  extend  the  relatively  short-lived 
hemodynamic  effects  of  hypertonic  saline  alone  (4,9,10,13).  Maningas  and  colleagues 
resuscitated  unanesthetized  swine  after  five  minutes  of  shock,  using  a  mixture  of  7.5% 
saline  and  6.0%  dextran-70,  and  demonstrated  that  the  combination  restores  cardiac 
output,  renal,  splanchnic,  pancreatic,  and  small  intestinal  blood  flow  significantly  better 
than  0.9%  saline  administered  in  a  volume  equal  to  25%  of  shed  blood  volume  (14). 
Although  dextran  solutions  are  commonly  used  in  Europe  for  resuscitation,  the  more 
commonly  employed  synthetic  colloid  in  this  country  is  bydroxyethyl  starch.  Highly 
concentrated  solutions  of  hydroxyethyl  starch  have  not  been  studied  in  combination 
with  either  isotonic  or  hypertonic  saline  solutions. 

Therefore,  we  performed  the  following  study  to  compare  the  effects  on  systemic 
hemodynamics  and  systemic  blood  flow  of  acute  resuscitation  with  a  volume  of  0.8% 


saline,  exceeding  the  original  shed  blood  volume,  to  equal,  small  volumes  of  7.2% 
saline,  20%  hydroxyethyl  starch  in  0.8%  saline,  and  20%  hydroxyethyl  starch  in  12% 
saline. 
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METHODS 

Animals  were  handled  according  to  guidelines  established  by  the  institution’s 
Animal  Care  and  Use  Committee.  Twenty-four  mongrel  dogs  of  either  sex,  weighing 
18-24  kg,  were  anesthetized  with  thiopental  sodium  (8.0  mg ‘kg'1  iv),  paralyzed  with 
pancuronium  (0.2  mg ‘kg'1  iv),  and  endotracheally  intubated.  Halothane  0.5%  in 
nitrous  oxide  and  oxygen  (60:40)  maintained  anesthesia.  Animals  were  ventilated 
using  an  Edco  Model  822  large-animal  ventilator  (Edco  Scientific,  Inc.,  Chapel  Hill, 
NC),  at  a  tidal  volume  of  15  ml ‘kg'1  and  a  rate  sufficient  to  maintain  normocarbia 
(PaC02  3545  mm  Hg).  Additional  pancuronium,  given  as  needed,  prevented 
respiratory  movement. 

Bilateral  brachial  artery  catheters  were  placed,  the  right  for  continuous 
monitoring  of  systemic  arterial  blood  pressure  and  the  left  as  a  reference  organ  for 
organ  blood  flow  determinations  using  radioactive  micrcspheres.  A  7-Fr  pigtail 
catheter  was  inserted  into  the  left  ventricle  through  the  left  femoral  artery  for 
injection  of  radioactive  microspheres.  The  right  femoral  artery  was  cannulated  and 
utilized  as  a  second  reference  organ.  A  flow-directed,  pulmonary  artery  catheter  was 
placed  via  the  right  external  jugular  vein  to  measure  cardiac  output  (CO)  and 
pulmonary  ariery  occlusion  pressure  (PAOP).  Hemodynamic  pressure  monitoring 
utilized  a  Grass  79D  polygraph  (Grass  Instrument  Co.,  Quincy,  Mass.)  -with  Gould- 
Statham  P23  transducers  (Gould,  Inc.,  Oxnard,  Ca.).  Systemic  and  pulmonary  artery 
pressures  were  recorded  continuously;  PAOP  was  measured  intermittently.  Body 
temperature  was  monitored  continuously  by  a  thermistor  on  the  tip  of  the  pulmonary 
artery  catheter  and  was  maintained  with  the  use  of  a  heating  pad  applied  to  the  trunk 
and  extremities.  CO  was  recorded  intermittently  using  an  American  Edwards  9520A 


CO  computer  (American  Edwards,  Santa  Ana,  Ca.).  All  transducers  were 
intermittently  calibrated  at  the  level  of  the  left  atrium. 

Organ  Blood  Flow  Measurement 

Organ  blood  flow  measurements  were  obtained  using  radioactive  microspheres 
(15  um)  using  the  organ  reference-sample  method  (15).  Radioactive  microspheres 
included  Gd  153,  Nb  95,  Sn  113,  Sr  85,  and  Sc  46.  Paired  reference  organ  blood 
samples  (ROBS)  were  withdrawn  simultaneously  from  the  right  femoral  and  left 
brachial  arteries  using  an  Edco  Model  843  Infusion-Withdrawal  Syringe  Pump  (Edco 
Scientific,  Inc.,  Chapel  Hill,  NC).  Counts  per  minute  (CPM)  from  the  ROBS  were 
averaged  for  use  in  evaluating  CBF.  Prior  to  injection,  miaospheres  were  vortexed 
for  4  minutes  to  insure  adequate  mixing.  The  dose  of  each  microsphere  type  was 
calculated  to  yield  >  400  microspheres  per  tissue  segment  and  a  minimum  of  15,000 
counts  per  ROBS.  Injection  of  each  microsphere  type  was  carried  out  over  15 
seconds.  Each  ROBS  was  taken  beginning  30  seconds  prior  to  microsphere  injection 
and  continuing  for  60  seconds  post-injection,  at  a  withdrawal  rate  of  2.06  ml ‘min'1. 

At  the  conclusion  of  the  experiment,  the  organs  were  removed  and  counted  along 
with  the  arterial  references  samples  in  a  well-type  gamma  counter  (Auto-Gamma 
5000,  Packard  Instruments,  Downers  Grove,  EL).  Aliquots  of  microspheres  labelled 
with  each  radionuclide  were  counted  along  with  the  blood  and  tissue  samples  and 
curve  stripping  to  correct  for  isotope  overlap  was  performed  using  a  microcomputer 
connected  to  the  gamma  counter.  Organ  blood  flows  were  derived  from  the  formula: 
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Blood  flow  =  Q  x  withdrawal  rate  x  100  Eq.  1 

Cf  x  Wt 

where  C,  =  CPM  in  the  tissue  sample,  Cr  =  CPM  in  the  reference  sample,  and  Wt 
=  weight  of  the  tissue  sample. 


Method  of  Hemorrhage 

After  instrumentation,  all  animals  were  left  undisturbed  for  30  minutes,  after 
which  baseline  (BL)  data  were  recorded.  Recorded  data  consisted  of  organ  blood 
flow,  systolic  and  diastolic  arterial  pressures  (SAP  and  DAP),  CO,  PAOP,  pulmonary 
arterial  systemic  and  diastolic  pressure  (PAS  and  PAD),  core  temperature,  arterial 
pH,  PaCOjj,  Pa02  (IL  1306  Instrumentation  Laboratory,  Lexington,  Mass.),  arterial  and 
cerebral  02  saturation,  hemoglobin  (Hgb)  (IL  282;  Instrumentation  Laboratory, 
Lexington,  Mass.),  serum  osmolality  (5500  Vapor  Pressure  Osmometer,  Wescor,  Inc., 
Logan,  Utah),  and  colloid  oncotic  pressure  (4100  Colloid  Osmometer,  Wescor,  Inc.). 
Mean  arterial  pressure  (MAP)  was  calculated  from  the  formula: 

MAP  =  DAP  +  1/3  (SAP-DAP)  Eq.  2 

Systemic  oxygen  transport  (DOz)  was  calculated  from  the  equation: 

D02  =  CO  x  Ca02  Eq.  3 

After  anti-coagulation  with  heparin  (500  IU’kg1  iv),  blood  was  rapidly 
withdrawn  through  the  right  brachial  artery  catheter  to  reduce  MAP  to  45  mm  Hg; 
MAP  was  maintained  at  that  level  for  30  minutes  by  removing  or  reinfusing  shed 
blood.  Hemodynamic  data  were  obtained  at  the  mid-shock  time  interval,  designated 
T15,  indicating  the  number  of  minutes  elapsed  from  the  onset  of  shock.  Following 
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the  shock  interval,  animals  were  randomly  assigned  to  one  of  four  groups,  based  upon 
the  composition  of  resuscitation  fluid:  Group  SAL  received  54  ml 'kg'1  of  0.8%  saline 
(137  rnEq^L'1  sodium),  Group  HS  received  6.0  ml ‘kg'1  of  7.2%  hypertonic  saline 
(1233  mEq^L1  sodium),  Group  HES  received  6.0  ml ‘kg'1  of  20%  hydroxyethyl  starch 
dissolved  in  0.8%  saline,  and  Group  HS/HES  received  6.0  ml ‘kg'1  of  20% 
hydroxyethyl  starch  dissolved  in  7.2%  saline.  Additional  data  were  collected 
immediately  after  infusion  of  the  resuscitation  fluid  over  5  minutes  (T35)  and 
thereafter  at  hourly  intervals  for  two  hours  (T95,  T155).  Figure  1  summarizes  the 
experimental  preparation. 


Statistical  Analysis 

The  Kruskal-Wallis  test  was  employed  to  assess  differences  among  the  groups 
at  baseline  and  during  shock,  before  randomization.  A  multivariate  repeated 
measures  analysis  of  variance  (ANOVA)  was  performed  to  determine  if  interactions 
between  groups  and  time  existed  at  subsequent  post-resuscitation  intervals  (16). 
Interactions  were  analyzed  further  with  the  Holm’s  sequentially  rejective  multiple  test 
procedure  using  a  significance  level  of  0.05  (17).  To  assess  time  and  group 
differences  when  an  interaction  was  not  present,  a  multivariate  repeated  measures 
ANOVA  and  an  analysis  of  covariance  were  performed  on  the  dependent  variables. 
When  a  statistically  significant  group  effect  was  evident.  Holm’s  sequentially  rejective 
multiple  test  procedure  was  used  to  determine  which  groups  differed. 
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RESULTS 

Mean  body  weights,  shed  blood  volume,  and  resuscitation  volumes  for  the  SAL, 
HS,  HES,  and  HS/HES  groups  are  listed  in  Table  1.  No  significant  differences  were 
detected  in  body  weights  or  volumes  of  shed  blood  among  groups.  All  subsequent 
values  in  the  text,  tables,  and  figures  are  expressed  as  means  ±  SEM. 

SYSTEMIC  VARIABLES 

Kruskal-Wallis  testing  detected  no  difference  in  MAP  at  baseline  or  during 
shock  among  the  four  groups  (Table  2).  With  resuscitation,  MAP  increased  similarly 
in  all  groups,  but  did  not  return  to  baseline.  SAP  nearly  equalled  baseline  in  all 
groups;  DAP  was  less  than  baseline.  SAP  continued  to  increase  during  the  first  60 
minutes  in  both  the  HES  and  HS/HES  groups,  whereas  it  remained  constant  in  SAL 
and  HS  (Figure  2).  No  statistical  differences  among  fluid  groups  were  apparent  at 
any  time  period. 

CO,  unlike  MAP,  differed  significantly  following  resuscitation  (Figure  3A).  CO 
increased  at  T35  in  all  four  fluid  groups,  exceeding  baseline  in  the  SAL  and  HS/HES 
groups  (p  <0.05  compared  to  the  HS  or  HES  groups).  One  hour  following 
resuscitation  (T95),  CO  was  significantly  greater  in  the  HES  and  HS/HES  groups  than 
in  the  HS  group,  in  which  CO  had  declined  to  levels  present  during  shock  (p<0.05). 
By  T155,  CO  had  decreased  in  all  groups  but  remained  greater  than  shock  levels  in 
all  but  the  HS  group. 

At  T35,  PAOP  was  highest  (p<0.05)  and  Hgb  was  lowest  in  the  SAL  group 
(Table  2).  D02  was  similar  among  groups  at  all  time  intervals  (Figure  3B),  except  at 
T35  where  a  significant  difference  (p<0.05)  was  detected  in  groups  SAL  and  HS/HES 


compared  to  groups  HS  and  HES.  Other  variables  including  pH,  PaCO^  Pa02  and 
blood  temperature  were  similar  among  groups  at  all  time  intervals. 

Increases  in  serum  osmolality  were  greatest  in  the  HS  and  HS/HES  groups. 
Colloid  oncotic  pressure,  as  percent  of  baseline,  increased  with  resuscitation  in  the 
HES  and  HS/HES  groups  compared  to  SAL  and  HS,  which  decreased  (Table  4). 

ORGAN  BLOOD  FLOWS 

Brain 


Kruskal-Wallis  testing  disclosed  no  differences  in  brain  blood  flow  (BBF) 
among  groups  at  baseline  (Figure  4A).  Hemorrhagic  shock  resulted  in  comparable, 
statistically  insignificant  reductions  in  total  BBF.  Following  resuscitation  (T35),  BBF 
was  restored  at  least  to  baseline  in  all  fluid  groups  with  those  fluids  containing  7.2% 
saline  exceeding  baseline.  The  HS  and  HS/HES  groups  significantly  exceeded  the 
HES  and  SAL  groups  (p<0.05).  BBF  subsequent  to  T35  was  comparable  in  all 
groups  for  the  duration  of  the  experiment. 

Heart 

Myocardial  blood  flow  (MBF)  (Figure  4B)  was  comparable  among  groups  at 
baseline.  Induction  of  hemorrhage  was  associated  with  a  reduction  of  approximately 
50%  in  MBF.  Resuscitation  resulted  in  marked  increases  in  MBF  in  all  groups. 
There  were  no  significant  differences  among  groups  at  any  time  interval. 


KIDNEY 


Renal  blood  flow  (RBF)  (Figure  4C)  was  statistically  similar  among  groups  at 
baseline.  Hemorrhage  produced  a  50%  reduction  in  RBF  in  all  groups.  At  T35, 
RBF  was  restored  to  baseline  levels  in  all  groups.  However,  by  T95,  RBF  had 
declined  to  shock  levels  in  all  four  fluid  groups.  No  statistically  significant  group 
effects  were  detected. 


LIVER 

Hepatic  arterial  flow  (HAF)  was  comparable  at  baseline  in  the  four  groups 
(Figure  4D).  During  shock,  HAF  decreased  by  50%  compared  to  baseline. 
Resuscitation  with  SAL  markedly  increased  HAF  to  levels  exceeding  baseline.  HS 
and  HS/HES  increased  HAF  to  near  baseline  levels  while  HES  produced  minimal 
improvements  in  HAF  (p<0.05  SAL  vs  HES).  At  T155,  HAF  had  decreased  in  a'J 
groups;  HAF  in  the  HS  group  had  decreased  to  levels  comparable  to  those  during 


shock. 
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DISCUSSION 

Interest  in  the  applicability  of  small-volume  resuscitation  for  trauma  patients 
was  stimulated  by  studies  performed  by  Velasco  and  colleagues  in  the  early  1980’s. 
They  first  demonstrated  that  dogs,  subjected  to  hemorrhage  equal  to  approximately 
one-half  of  estimated  blood  volume,  could  be  effectively  resuscitated  using  7.5%  saline 
in  a  dose  of  40  ml -kg'1,  a  volume  that  was  equal  only  to  about  one-tenth  of  the 
initial  shed  blood  volume  (1).  Subsequently,  they  demonstrated  that  hypertonic  saline 
failed  to  improve  systemic  hemodynamics  if  a  vagally  mediated  reflex  arc  were 
abolished  or  if  hypertonic  saline  solution  were  infused  into  the  aorta  rather  than  into 
the  inferior  vena  cava  (2).  However,  hypertonic  resuscitation  fluids  produced  a 
relatively  short-lived  improvement  in  blood  pressure  and  CO  (4,9,10).  As  a 
consequence,  subsequent  investigators  added  colloid,  usually  6.0%  low-molecular 
weight  dextran,  to  the  hypertonic  solution  (9,10,18). 

Previous  investigators  have  not  investigated  the  effects  of  the  addition  of  highly 
concentrated  hydroxyethyl  starch  to  hypertonic  resuscitation  solutions.  However,  the 
present  study  suggests  that  this  combination,  like  the  combination  of  hypertonic  saline 
v'tli  6.0%  low-molecular  weight  dextran,  extends  the  duration  of  systemic 
hemodynamic  improvement  without  interfering  with  the  immediate  hemodynamic 
responses.  Kramer  and  colleagues  bled  unanesthetized  adult  sheep  to  maintain  MAP 
at  50  mm  Hg  for  three  hours  (shed  blood  volume  =  42±7  mUkg*1).  They  then 
administered  200  ml  of  either  0.9%  saline  or  7.2%  saline  with  6.0%  dextran-70.  Only 
the  combination  fluid  restored  blood  pressure  and  CO.  Thirty  minutes  following  the 
initial  bolus,  lactated  Ringer’s  solution  was  given  as  necessary  to  both  groups  to 
restore  and  maintain  CO  at  baseline  values.  The  combination  fluid  necessitated  the 
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administration  of  only  one-sixth  the  quantity  of  lactated  Ringer’s  solution  required  by 
the  control  group  (18).  Smith  and  colleagues  compared  the  effects  of  4  ml ‘kg'1  in 
sheep  who  had  been  bled  to  a  MAP  of  50  mm  Hg  for  two  hours.  They 
demonstrated  that  the  combination  of  7.2%  saline  and  6.0%  dextran  70  sustained  a 
significantly  higher  CO  over  the  three-hour,  post-resuscitation  observation  period  than 
did  hypertonic  saline  alone  or  a  combination  of  hypertonic  saline  and  sodium  acetate 
(9).  Maningas  and  colleagues  studied  the  effects  of  0.9%  saline,  7.5%  saline,  6.0% 
dextran  70,  or  7.5%  saline  in  6.0%  dextran  70  following  potentially  lethal  hemorrhage 
in  swine.  Each  fluid  was  given  in  a  volume  equal  to  25%  of  the  shed  blood  volume. 
The  combination  fluid  was  associated  with  100%  survival  for  96  hours  in  comparison 
to  significantly  poorer  survival  in  the  group  that  received  0.9%  saline  alone  or  7.5% 
saline  alone  (10).  Most  recently,  Velasco  and  colleagues  demonstrated  that  the 
combination  of  7.5%  saline  and  6.0%  dextran  70  was  associated  with  somewhat  higher 
survival  and  more  sustained  improvement  in  plasma  volume  than  6.0%  dextran  70  or 
7.5%  saline  alone  (19). 

These  data  demonstrate  that  the  three,  small-volume  resuscitation  fluids  are 
comparably  effective  in  restoring  and  maintaining  MAP  when  administered  in  volumes 
approximating  15%  of  shed  blood  volume.  Furthermore,  they  improve  MAP  in  a 
manner  that  cannot  be  distinguished  from  the  improvements  produced  by  much  larger 
volumes  of  a  solution  containing  137  mEq*L'\  However,  the  three  fluids  are  not 
equivalent  in  their  effect  on  CO.  Both  0.8%  saline  and  the  combination  of  20%  HES 
in  7.2%  saline  improve  CO  to  values  exceeding  baseline  immediately  following 
resuscitation.  Neither  20%  HES  in  0.8%  saline  nor  7.2%  HS  alone  restored  CO  to 


16 


baseline  values.  In  the  group  that  had  received  7.2%  saline  alone,  CO  had  declined 
nearly  to  the  values  present  during  shock  by  60  minutes  following  fluid  administration. 

The  present  study  demonstrates  not  only  that  the  improvement  in  CO  produced 
by  hypertonic  saline  alone  is  transient  but  ?lso  that  the  improvements  in  blood  flow 
to  essential  systemic  organs  such  as  the  kidneys  and  liver  is  transient.  RBF  was 
restored  by  all  four  fluids  to  baseline  values,  but  by  60  minutes  following  resuscitation, 
it  had  declined  to  levels  present  during  shock  with  all  four  fluids.  HAF  exceeded 
baseline  values  following  resuscitation  only  in  the  group  that  received  0.8%  saline. 
7.2%  HS  failed  to  restore  HAF  to  baseline  values  following  resuscitation  and  was  „ 
associated  with  a  rapid  decline  in  the  120  minutes  following  resuscitation.  In  contrast, 
HAF  was  well-maintained  in  the  three  groups  that  received  either  a  large  volume  of 
SAL  (a  slightly  hypotonic  fluid)  or  small  volumes  of  the  colloid-containing  fluids  HES 
and  HS/HES.  Changes  in  MBF  appear  to  relate  most  closely  to  changes  in  heart 
rate  and  blood  pressure  in  the  two  hours  following  resuscitation.  Based  upon  all  of 
the  above  information,  the  combination  of  20%  HES  in  7.2%  saline  appears  to  be  the 
most  effective  of  the  three  alternative,  small-volume  resuscitation  fluids  in  its  ability  to 
restore  and  maintain  perfusion  pressure  and  blood  flow. 

These  data  extend  those  of  Maningas  in  which  0.9%  saline  and  a  combination 
of  7.5%  saline  with  6.0%  dextran-70  were  compared  in  a  volume  equal  to  25%  of 
shed  blood  volume  (14).  He  evaluated  organ  blood  flow  5  min  and  30  min  following 
resuscitation  with  the  two  fluids,  whereas  the  present  study  continued  measurements 
for  two  hours.  In  contrast  to  the  present  study,  Maningas  compared  a  small  volume 
of  0.9%  saline  to  a  combination  hypertonic/hyperoncotic  fluid,  whereas  the  present 
study  evaluated  a  volume  of  0.8%  saline  exceeding  shed  blood  volume.  As  in 
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Maningas’  study,  the  combination  hypertonic/hyperoncotic  fluid  (HS/HES)  restored 
RBF  5  minutes  following  resuscitation.  At  that  interval  we  demonstrated  that  a  large 
volume  of  0.8%  saline  and  small  volumes  of  HES  and  HS  were  equally  effective  at 
restoring  RBF.  Sixty-minutes  later,  the  colloid-containing  fluids  (HES  and  HS/HES) 
were  associated  with  superior  RBF.  Maningas  reported  that  liver  blood  flow,  similar 
in  baseline  to  that  in  the  present  study,  was  restored  by  the  combination  of  7.5% 
saline  and  6.0%  dextran  70.  Our  data  support  those  observations  and  further 
demonstrate  that  HAF  is  well  preserved  even  60  minutes  following  resuscitation  with 
a  combination  fluid.  However,  the  immediate  effects  of  HS/HES  on  HAF  are  less 
profound  than  the  effects  of  a  large  volume  of  0.8%  saline. 

The  selection  of  experimental  endpoints  for  resuscitation  following  hemorrhagic 
shock  necessitates  careful  definition  of  the  clinical  situation  of  interest  because  the  use 
of  those  endpoints  influences  subsequent  measurements.  A  variety  of  endpoints  may 
be  used  to  achieve  comparability  among  groups.  One  approach  is  to  infuse  whatever 
volume  of  fluid  is  required  to  maintain  a  pre-determined  level  of  a  physiologic 
endpoint  such  as  blood  pressure,  CO,  or  PAOP.  Clinical  resuscitation  normally 
utilizes  blood  pressure  for  its  endpoint.  However,  blood  pressure  remains  similar, 
despite  progressively  declining  CO,  if  systemic  vascular  resistance  increases.  The  use 
of  central  venous  pressure  (CVP)  and  PAOP  data  provides  an  estimate  of  filling 
pressure.  However,  CVP  and  PAOP  are  determined  by  a  complex  interaction  among 
blood  volume,  venous  capacitance,  and  ventricular  distensibility,  contractility,  and 
afterload.  Intermittent  determinations  of  CO  using  thermodilution  also  can  be  used 
to  guide  therapy.  If  resuscitation  is  carried  out  with  red-cell-free  solutions,  thereby 
reducing  Hgb  and  CaO^  CO  will  constitute  a  less  accurate  estimate  of  the  adequacy 
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of  resuscitation  than  DO?  a  calculation  that  incorporates  both  CO  and  Ca02  (see  Eq. 

3). 

This  study  was  designed  to  duplicate  acute  resuscitation  such  as  might  occur  at 
the  scene  of  an  accident  or  on  a  battlefield.  The  most  practical  method  under  such 
circumstances  is  to  rapidly  infuse  a  limited  volume  of  fluid  during  stabilization  or 
transport.  Therefore,  the  fluids  chosen  for  comparison  in  this  study  consisted  of  three 
small-volume  alternatives  as  well  as  a  much  larger  volume  of  slightly  hypotonic  saline. 
The  stability  of  systemic  hemodynamics  following  infusion  of  various  types  of  fluids 
differs  markedly.  The  infusion  of  solutions  containing  colloid,  such  as  those  used  in 
the  HES  and  HS/HES  groups,  is  associated  with  a  more  sustained  increase  in  plasma 
volume  than  that  produced  by  a  slightly  hypotonic  or  hypertonic  saline  solution 
(4,20,21).  Thus,  CO,  RBF,  and  HAF  declined  more  rapidly  in  the  0.8%  and  7.2% 
saline  groups  than  in  the  two  groups  that  received  colloid. 

The  more  sustained  effects  of  the  colloid  containing  solutions  would  be  of 
greatest  value  if  a  substantial  time  interval  separated  acute  resuscitation  from 
subsequent  efforts.  However,  if  definitive  treatment  will  be  minimally  delayed,  only 
the  acute  effects  of  the  various  fluid  choices  should  be  compared.  Under  those 
circumstances,  if  circumstances  permit  infusion  of  only  a  small  volume,  the 
combination  HS/HES  appears  to  have  the  most  favorable  immediate  effects.  Further 
studies  are  necessary  to  determine  if  the  superiority  of  the  combination  fluid  is  also 
evident  after  more  severe  hemorrhage  or  more  protracted  hypotension.  Depending 
upon  such  studies,  this  combination  may  have  practical  utility  for  the  management  of 
acute  hemorrhagic  shock  in  man. 
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Table  1.  Body  Weight,  Shed  Blood,  and  Resuscitation  Volumes  (Means  ±  SEM) 


Group 

Weigh" 

(kg) 

Blood  Loss 

(ml ‘kg’1) 

Resus.  Volume 

(ml ’kg'1) 

SAL 

22.3  ±1.06 

37.1  ±2.42 

54 

HS 

20.3  ±1.25 

35.3±2.80 

6 

HES 

21.8  ±.57 

32.1  ±3.55 

6 

HS/HES 

20.4  ±.68 

36.5  ±2.80 

6 

21 


Tabic  2.  Major  Systemic  Variables  (Means  ±  SEM) 


Group 

BL 

T15 

T35 

T95 

T155 

MAP 

SAL 

118±9 

45  ±2 

86±5 

87±3 

81±9 

HS 

113±4 

49  ±4 

82±4 

82±10 

78±13 

HES 

109±8 

47  ±2 

78±3 

97±2 

81  ±12 

HS/HES 

98±8 

43  ±3 

72±5 

93±8 

74  ±11 

SAP 

SAL 

147  ±7 

67  ±  8 

126  ±4 

119  ±4 

115±9 

(mm  Hg) 

HS 

141  ±6 

77±6 

133  ±10 

128±9 

114  ±12 

HES 

141  ±6 

71  ±3 

114  ±3 

141±4 

123±  14 

HS/HES 

133±8 

76±6 

115  ±5 

138±8 

117  ±8 

DAP 

SAL 

103  ±10 

30±2 

66±6 

71±4 

65±8 

(mm  Hg) 

HS 

99±5 

34±3 

56±4 

58±D 

50±14 

HES 

92±9 

34±2 

60±4 

76±3 

60±  12 

HS/HES 

81±7 

34±3 

51  ±4 

71  ±9 

53±12 

PAOP 

SAL 

5.4  ±0.6 

3.0  ±0.8 

83  ±1.4* 

3.9  ±0.7 

3.1  ±0.6 

(mm  Hg) 

HS 

3.8  ±11 

0.1  ±1.2 

3.1  ±1.7 

3.1  ±0.6 

2.4  ±0.7 

HES 

5.4  ±1.4 

13  ±03 

0.9  ±13 

2.1  ±03 

3.0  ±13 

HS/HES 

5.0  ±0.9 

13  ±0.9 

4.1  ±1.0 

2.4  ±0.7 

2.4  ±0.7 

Hgb 

SAL 

14.1  ±0.8 

113  ±0.7 

73  ±03 

9.7  ±0.7 

103  ±0.9 

(g-dr1) 

HS 

13.8  ±1.0 

113  ±1.0 

9.4  ±0.7 

10.7  ±0.7 

103  ±13 

HES 

119  ±0.9 

10.2  ±0.8 

8.6  ±0.7 

9.1  ±0.6 

93  ±03 

HS/HES 

12.1  ±0.9 

103  ±0.6 

7.4  ±03 

8,9  ±03 

10.0  ±0.6 

d°2 

SAL 

750  ±60 

219  ±12 

500  ±55** 

357±44 

316  ±61 

(ml ‘mb  ) 

HS 

596±65 

188  ±16 

344  ±35 

226  ±45 

216  ±29 

HES 

553  ±92 

205  ±38 

308  ±52 

382  ±39 

342  ±55 

HS/HES 

795±80 

290  ±21 

540±45** 

481±63 

300±28 

•  p<0.05  SAL  vs  HS,  HES,  and  HS/HES. 
••  p<0.05  SAL  vs  HS  and  HES 

HS/HES  vs  HS  and  HES 
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Tabic  3.  Major  Systemic  Variables  (Means  ±  SEM) 


pH 


PaCO. 


'2  . 


(mm  Hg) 


Pa02 
(mm  Hg) 


Group  BL  T15  T35  T95  T155 


SAL 

7.4  s  0.0 

73  ±0.0 

HS 

7.4  ±0.0 

73  ±0.0 

HES 

7.4  ±0.0 

73  ±0.0 

HS/HES 

7.4  ±0.0 

73  ±0.0 

SAL 

41.2  ±0.6 

413  ±0.4 

HS 

39.5  ±0.6 

403  ±1.7 

HES 

40.9  ±03 

40.6  ±0.4 

HS/HES 

38.8  ±1.4 

42.0  ±0.6 

SAL 

170±8 

155  ±10 

HS 

191  ±13 

18 8±9 

HES 

170±  13 

154  ±11 

HS/HES 

180±11 

169  ±10 

SAL 

373  ±0.4 

38.1  ±03 

HS 

37.4  ±0.4 

38.1  ±0.4 

HES 

373  ±0.2 

38.0  ±0.2 

HS/HES 

373 ±03 

37.8  ±03 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73  ±0.0 

73±0.1 

395  ±05 

403  ±13 

413±  1.4 

40.4  ±0.9 

413  ±2.4 

38.9  ±05 

413  ±0.4 

39.9  ±1.0 

40.7  ±05 

38.0  ±03 

403 ±0.6 

39D±03 

186  ±6 

168±7 

163±6 

197  ±10 

176  ±5 

183  ±14 

167  ±14 

175  ±12 

183±13 

192  ±14 

192  ±18 

178  ±10 

36.6  ±03 

37.9  ±03 

38.7  ±03 

373  ±03 

393  ±05 

38.9  ±0.4 

37.9  ±0.0 

37.9  ±0.4 

383  ±0.4 

373  ±03 

37.9  ±0.4 

383  ±05 

Temp 

(°C) 
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Table  4.  Serum  Osmolality  and  Colloid  Oncotic  Pressure  (Means  ±  SEM) 


Group 

BL 

T95 

T155 

Serum  Osmolality 

SAL 

292  ±7 

281  ±14 

299  ±0 

(mOsm'L'1) 

HS 

292  ±12 

318±6 

324  ±4 

HES 

291  ±8 

313±  14 

307  ±6 

HS/HES 

290  ±8 

311  ±7 

322  ±4 

Colloid  Oncotic 

SAL 

100±0 

63  ±4 

67  ±3 

Pressure 

HS 

100±0 

71  ±4 

70±4 

(%  Baseline) 

HES 

100±0 

110±1 

110±1 

HS/HES 

100±0 

110±1 

110±i 

p— 


Figure  1. 
Figure  2. 


Figure  3. 


Figure  4. 


LEGENDS 
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Summary  of  experimental  procedure. 

Response  of  systolic  arterial  pressure  following  resuscitation  from 
hemorrhagic  shock  with  0.8%  saline  (SAL),  7.2%  saline  (HS),  20% 
hydroxyethyl  starch  (HES)  in  0.8%  saline,  or  HES  dissolved  in  12% 
saline  (HS/HES). 

Changes  in  cardiac  output  (A)  and  systemic  organ  transport  (B)  following 
resuscitation  from  hemorrhagic  shock  with  0.8%  saline  (SAL),  7.2%  saline 
(HS),  20%  hydroxyethyl  starch  (HES)  in  0.8%  saline,  or  HES  dissolved  in 
7.2%  saline  (HS/HES). 

Changes  in  brain  (A),  myocardium  (B),  renal  (C),  and  hepatic  (D)  blood 
flow  following  resuscitation  from  hemorrhagic  shock  with  0.8%  saline 
(SAL),  7.2%  saline  (HS),  20%  hydroxyethyl  stanch  (HES)  in  0.8%  saline, 
or  HES  dissolved  in  7.2%  saline  (HS/HES). 
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Abstract 

We  addressed  the  impact  on  intracranial  pressure  (ICP)  of  post-hemorrhage  fluid 
resuscitation  using  a  protocol  in  which  additional  fluid  was  infused  to  maintain  a  stable 
cardiac  output  after  an  initial  bolus  of  fluid  was  infused.  Anesthetized,  mechanically 
ventilated,  mongrel  dogs  (n  =  27)  underwent  a  30-minute  interval  of  hemorrhagic  shock 
(mean  arterial  pressure  =  55  mm  Hg)  during  which  inflation  of  a  subdural  balloon 
maintained  ICP  at  15  mm  Hg.  Following  shock,  animals  were  resuscitated  with  one  of 
four  randomly  assigned  fluids:  1)  slightly  hypotonic  crystalloid  (Na+  125  mEq^L*1; 
designated  Na-125);  2)  hypertonic  crystal’oid  (Na+  250  mEq^L-1;  designated  Na-250);  3) 
slightly  hypotonic  crystalloid  plus  10%  pentastarch  (Na-125P);  or  4)  hypertonic  crystalloid 
plus  10%  pentastarch  (Na-250P).  Supplemental  fluid  was  administered  as  needed  to 
maintain  cardiac  output  comparable  to  baseline  values.  ICP  increased  progressively  in 
all  fluid  groups  during  resuscitation.  Cerebral  blood  flow,  measured  using  the  cerebral 
venous  outflow  method,  increased  immediately  following  resuscitation,  then  declined 
steadily  over  time  in  all  groups.  Fluids  containing  pentastarch  maintained  hemodynamic 
stability  with  minimal  supplementation  throughout  most  of  the  post-resuscitation  period, 
compared  to  crystalloid  alone,  which  required  substantial  additional  volume.  If 
decreased  intracranial  compliance  and  hemorrhage  are  combined,  ongoing  resuscitation 
is  associated  with  significantly  increased  ICP  and  significantly  decreased  cerebral  blood 
flow,  independent  of  the  tonicity  and  oncotic  pressure  of  the  infused  fluid. 


Shock,  hemorrhagic 
Intracranial  pressure 
Cerebral  blood  flow 
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Intravenous  fluids,  colloid 
Intravenous  fluids,  crystalloid 
Intravenous  fluids,  hypertonic 
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Introduction 

Hypotension  is  associated  with  increased  mortality  and  also  appears  to  worsen 
neurologic  outcome  in  patients  with  acute  head  injury  (Glasgow  Scale  s  8).1,2  Yet 
effective  treatment  of  hemorrhagic  shock  in  patients  with  head  injury  represents  a 
therapeutic  problem.  In  experimental  animals,  hemorrhagic  hypotension  is  associated 
with  a  decline  in  intracranial  pressure  (ICP);3"7  restoration  of  blood  pressure  increases 
ICP.3"7  If  ICP  increases  sufficiently  to  reduce  cerebral  perfusion  pressure,  a  decline  in 
cerebral  blood  flow  (CBF)  will  result.  While  systemic  hemodynamic  values  can  be 
restored  comparably  with  appropriately  administered  crystalloid  or  colloid  solutions, 
significant  differences  in  post-resuscitation  ICP  may  accompany  different  fluid 
resuscitation  regimens.  Slightly  hypotonic  crystalloid  solutions  (i.e.,  lactated  Ringer’s 
solution)  increase  ICP  to  a  greater  extent  immediately  following  resuscitation  than  do 
hypertonic  crystalloid3  or  colloid.4,5'8 

While  the  changes  in  ICP  following  fluid  resuscitation  have  been  characterized, 
most  studies  have  dealt  only  with  the  effects  of  a  single  bolus  of  resuscitation  fluid.3"5  In 
contrast,  clinical  resuscitation  consists  of  initial  stabilization  followed  by  supplemental 
fluid  infusion  based  upon  clinical  assessment  to  more  accurately  duplicate  clinical 
practice.  The  present  study  combines  an  intracranial  mass  with  hemorrhagic  shock  to 
compare  the  cerebrovascular  effects  of  ongoing  resuscitation  with  either  slightly 
hypotonic  or  hypertonic  crystalloid,  each  with  and  without  concentrated  colloid,  at  a  rate 
sufficient  to  maintain  cardiac  output  at  least  equal  to  pre-shock  levels. 
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Methods 

Animals  were  handled  according  to  guidelines  established  by  the  institution’s 
Animal  Care  and  Use  Committee.  Twenty-seven  mongrel  dogs  (18-24  kg),  randomized 
to  one  of  four  resuscitation  groups  (see  below),  were  fasted  overnight,  anesthetized  with 
intravenous  thiopental  sodium  (8.0  mg^kg’1),  paralyzed  with  intravenous  metubine  iodide 
(0.12  mg^kg'1)  and  pancuronium  bromide  (0.03  mg^kg'1),  and  endotracheally  intubated. 
Halothane  0.5%  in  nitrous  oxide  and  oxygen  (60:40)  provided  maintenance  anesthesia. 
Animals  were  ventilated,  using  a  Harvard  Respiration  Pump  Model  607  (Harvard 
Apparatus  Co.,  Inc.,  Millis,  MA),  at  a  tidal  volume  of  15  ml  •kg'1  and  a  rate  adjusted  to 
maintain  normocarbia.  Additional  metubine  iodide  and  pancuronium  bromide,  given  as 
needed,  prevented  respiratory  movement. 

Hemodynamic  Measurements 

Bilateral  femoral  arterial  catheters  were  placed  for  continuous  monitoring  of 
systemic  arterial  pressure,  and  induction  of  rapid  hemorrhage.  A  pulmonary  artery 
catheter  was  placed  percutaneously  through  the  right  external  jugular  vein  for 
determination  of  cardiac  output  (CO)  by  thermodilution,  and  for  measurement  of  central 
venous  pressure  (CVP)  and  pulmonary  artery  occlusion  pressure  (PAOP).  Hemodynamic 
pressure  measurements  utilized  a  Grass  7SD  polygraph  (Grass  Instrument  Co.,  Quincy, 
MA)  and  Gould  Statharn  P23  transducers  (Gould,  Inc.,  Oxnard,  CA).  Body  temperature 
was  monitored  continuously  by  the  thermistor  on  the  tip  of  the  pulmonary  artery  catheter 
and  was  maintained  at  37°C  with  a  heating  pad  applied  to  the  trunk  and  extremities.  CO 
was  measured  intermittently  using  an  American  Edwards  9520A  CO  computer 
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(American  Edwards,  Corp.,  Santa  Ana,  CA)  and  monitored  continuously  using  a 
Noninvasive  Continuous  Cardiac  Output  Monitor  (NCCOM-3,  Biomed  Medical 
Manufacturing,  Ltd.,  Irvine,  CA).  All  transducers  were  intermittently  calibrated  with  the 
zero  level  established  at  the  level  of  the  left  atrium  except  for  ICP,  which  was  zeroed  at 
the  level  of  the  external  auditory  canal  (7  cm  above  left  atrial  level). 

After  splenectomy,  animals  were  turned  to  the  prone  "sphinx"  position  and  the 
occipital  musculature  was  dissected  from  the  cranium.  Following  administration  of 
heparin  (500  IUokg'1  iv),  the  confluence  of  the  sagittal  and  lateral  sinuses  was 
camulated  for  measurement  of  CBF  using  the  cerebral  venous  outflow  technique 
developed  by  Rapela  and  Green.9  CBF  in  ml® min'1  was  monitored  continuously  using  a 
Square-Wave  Electromagnetic  Flowmeter  (Carolina  Medical  Electronics,  Inc.,  King,  NC). 
Transient  obstruction  of  the  venous  cannula  confirmed  bilateral  lateral  sinus  occlusion. 
An  18-ga  catheter  in  the  cistema  magna  provided  continuous  measurement  of  ICP. 
Through  a  one-cm  twist-drill  hole  created  in  the  right  parietal  skull,  the  dura  was  incised 
and  the  balloon  tip  of  a  7-Fr  Foley  catheter  was  inserted  subdurally  for  manipulation  of 
ICP. 

Collected  data  included:  CBF,  ICP,  systolic  and  diastolic  arterial  pressures  (SAP 
and  DAP),  pulmonary  artery  systolic  and  diastolic  pressures  (PAS  and  PAD),  PAOP, 
temperature,  arterial  and  cerebral  venous  pH,  PC02,  P02  (IL  1306,  Instrumentation 
Laboratory,  Lexington,  MA),  oxygen  saturation  and  hemoglobin  (IL  282,  Instrumentation 
Laboratory,  Lexington,  MA),  serum  osmolality  (5500  Vapor  Pressure  Osmometer, 
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Wescor,  Inc.,  Logan,  UT),  and  colloid  oncotic  pressure  (4100  Colloid  Osmometer, 
Wescor,  Inc.).  From  the  collected  data,  the  following  calculations  were  made: 

1.  Mean  arterial  pressure  (MAP)  =  DAP  +  1/3  (SAP  -  DAP) 

2.  cerebral  perfusion  pressure  (CPP)  =  MAP  -  ICP 

3.  oxygen  content  (Cx02)  =  Px02  x  0.0031  +  Hgb  X  1.39  X  %  Sx02 
where  x  =  arterial  or  venous. 

After  instrumentation,  animals  were  stabilized  for  30  minutes  and  baseline  (BL) 
data  were  collected.  Immediately  after  baseline  measurements,  ICP  was  increased  to  15 
mm  Hg  by  balloon  inflation  (BI)  with  saline  and  was  maintained  at  that  level  throughout 
the  30-minute  hemorrhagic  shock  period.  Animals  were  rapidly  hemorrhaged  via  the  left 
femoral  artery  to  a  MAP  of  55  mm  Hg  (CPP  =  40  mm  Hg)  and  maintained  at  that  level 
by  further  removal  or  reinfusion  of  shed  blood.  Systemic  and  cerebral  hemodynamic 
data  were  obtained  at  the  beginning  (TO)  and  end  (T30)  of  the  30-minute  shock  period. 
Resuscitation  consisted  of  one  of  four  randomly  assigned  fluids.  The  initial  bolus  of  fluid 
was  chosen  to  provide  an  equal  sodium  load  in  groups  1,  2,  and  4.  Groups  2,  3,  and  4 
received  equal  volumes  for  the  initial  bolus  but  the  sodium  and  colloid  loads  differed. 
Group  1  (Na-125,  n=6)  received  40  ml^kg'1  of  a  solution  containing  Na+  125  mEq^L"1, 
Cl"  75  mEq^L"1,  and  lactate  50  mEq^L'1;  Group  2  (Na-250,  n  =  7)  received  20  mUl.g"1  of 
a  solution  containing  Na+  250  mEq*L*\  Cl"  150  mEq^L"1,  and  lactate  100  mEq^L"1; 
Grouj*  3  (Na-125P;  n=7)  received  20  mltkg"1  of  a  solution  containing  10%  pentastarch 
dissolved  in  a  fluid  with  the  same  electrolyte  concentrations  as  Group  1;  and  Group  4 
(Na-250P,  n=7)  received  20  ml^kg"1  of  a  solution  containing  10%  pentastarch  dissolved 
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in  a  fluid  with  the  same  electrolyte  concentration  as  group  4.  The  subdural  balloon  was 
clamped  at  T30  as  resuscitation  was  initiated;  ICP  was  then  allowed  to  vary 
spontaneously  (i.e.,  the  subdural  balloon  inflation  volume  ’was  held  constant).  CO  in 
each  animal  was  monitored  continuously  using  the  NCCOM-3.  If  CO  declined  below 
baseline,  the  originally  assigned  fluid  was  infused  at  a  rate  of  1.0  ml^kg'^min*1  until  CO 
equalled  baseline.  Data  were  collected  at  baseline  (BL),  immediately  following  elevation 
of  ICP  to  15  mm  Hg  (balloon  inflation;  BI),  at  the  beginning  (TO)  and  end  (T30)  of  the 
shock  period,  immediately  following  fluid  resuscitation  (T35),  and  thereafter  at  30- 
minute  intervals  for  two  hours  (T65,  T95,  T125,  and  T155). 

Statistical  Analysis 

The  Kruskal-Wallis  test  was  used  to  confirm  similarity  among  the  four  groups  at 
baseline  and  during  shock  before  randomization.  A  multivariate  repeated  measures 
analysis  of  variance  (ANOVA)  was  performed  to  determine  if  interactions  between 
group  and  time  existed  at  subsequent  post-resuscitation  intervals.10  Interactions  were 
analyzed  further  using  Holm’s  sequentially  rejective  multiple  test  procedure  using  a 
significance  level  of  0.05.11  To  assess  time  and  group  differences  when  an  interaction 
was  not  present,  a  multivariate  repeated  measures  ANOVA  and  an  analysis  of 
covariance  were  performed  on  the  dependent  variables.  When  a  statistically  significant 
group  effect  was  evident,  Holm’s  sequentially  rejective  multiple  test  procedure  was  used 
to  determine  which  groups  differed. 
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Results 

No  significant  differences  were  detected  in  body  weights  or  volumes  of  shed  blood 
among  groups  (Table  1).  The  Na-125  group  required  the  most  additional  fluid  after  the 
initial  bolus,  averaging  68.7  ±  14.9  ml^kg'1  (mean  total  fluid  infused  1475  ±  337  ml), 
with  Na-250  requiring  45.6  ±  6.2  ml  ©kg*1  (mean  total  fluid  infused  865  ±  126  ml).  The 
animals  that  had  received  fluids  containing  10%  pentastarch  required  less  additional 
volume,  8.3  ±  2.1  mlskg*1  for  Na-125P  (p<  0.001  vs.  Na-125)  and  11.6  ±  3.4  ml^kg*1  for 
Na-250P  (p<  0.001  vs  Na-250).  The  time  at  which  supplemental  fluid  was  first  required 
also  differed  significantly  (p  <  0.05)  among  groups  (Table  l).Serum  osmolality  was 
similar  among  groups  at  baseline  (Table  2).  There  were  no  significant  differences  in 
osmolality  throughout  the  post-resuscitation  interval  although  osmolality  was  greatest  in 
the  Na-250  group.  Colloid  oncotic  pressure  (COP)  was  comparable  at  baseline  and 
during  shock  among  groups.  Resuscitation  with  Na-125P  and  Na-250P  resulted  in 
significant  increases  in  COP  when  compared  to  Na-125  and  Na-250  (Na-125  vs.  Na-125P; 
p <0.001)  (Na-250  vs.  Na-250P;  p< 0.001). 

Hemodynamic  Data 

With  the  onset  of  hemorrhage,  MAP  decreased  rapidly  to  55  mm  Hg  where  it  was 
maintained  for  30  minutes  (Figure  1).  In  response  to  fluid  resuscitation  (T35),  MAP 
increased  similarly  in  all  four  groups  and  remained  similar  throughout  the  experimental 
period.  Hemorrhagic  shock  decreased  CO  by  approximately  50%  in  all  groups  (Figure 
2).  Following  the  initial  fluid  bolus,  CO  increased,  exceeding  baseline  levels  in  all 
groups.  After  T35,  CO  was  supported  by  supplemental  fluid  infusion  to  maintain  CO 
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above  baseline  for  the  remainder  of  the  experimental  period.  Systemic  oxygen  transport 
(D02)  was  comparable  among  groups  (Table  2).  After  resuscitation,  D02  remained  at 
approximately  80%  of  baseline  values,  representing  the  combined  effects  of  preserved 
CO  and  hemodilution. 

Systemic  Variables 

PaC02,  Pa02,  pH,  body  temperature,  Hgb,  and  Ca02  were  similar  among  groups. 
All  groups  were  normocarbic  at  all  intervals.  Pa02  consistently  exceeded  200  mm  Hg; 
pH  remained  ^  7.30  in  all  groups  at  all  intervals  except  for  T35  in  the  Na-250  group 
(7.2).  All  animals  remained  normothermic  throughout.  Hemoglobin  levels  decreased 
insignificantly  during  shock  in  all  groups  (Table  3);  there  was  a  further,  similar  reduction 
during  resuscitation  in  ;dl  groups.  Hgb  remained  at  T35  levels  throughout  the  remainder 
of  the  experimental  period  with  no  differences  detected  among  groups.  Changes  in 
arterial  oxygen  content  (Ca02)  paralleled  changes  in  hemoglobin  (Table  3). 

Cerebral  Hemodynamics 

Intracranial  Pressure 

Prior  to  balloon  inflation,  there  were  no  differences  in  ICP  among  groups  (Figure 
3).  ICP  was  maintained  at  15  mm  Hg  in  all  groups  during  shock.  Resuscitation  (T35) 
increased  ICP  in  all  groups.  Further  increases  in  ICP  occurred  in  all  groups  as 
supplemental  fluid  infusion  continued.  No  differences  were  detected  among  groups  at 
any  post-resuscitation  time  interval. 
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Cerebral  Perfusion  Pressure 

CPP  (Figure  4)  decreased  with  elevation  of  ICP  and  further  decreased  following 
induction  of  hemorrhage.  Resuscitation  (T35)  increased  CPP  in  all  groups,  although  it 
was  not  restored  to  baseline  by  any  of  the  fluid  choices.  No  differences  in  CPP  were 
detected  among  groups  following  resuscitation. 

Cerebral  Blood  Flow 

CBF  was  similar  at  baseline  in  all  groups  (Figure  5).  Hemorrhage  was  associated 
with  a  marked  reduction  in  CBF  in  all  groups  compared  to  baseline.  Fluid  resuscitation 
initially  increased  CBF  in  all  groups.  Statistical  analysis  failed  to  detect  a  difference 
among  groups  at  any  time  period,  although  a  difference  approaching  significance  (p  = 
0.08)  was  found  between  Na-250  and  Na-250P  at  T155.  There  were  no  differences 
detected  between  groups  in  other  cerebral  variables  including  cerebral  oxygen  transport 
(C02T),  cerebral  arteriovenous  oxygen  content  difference  (A-VD02)  and  the  cerebral 
metabolic  rate  for  oxygen  consumption  (CMR02)  following  resuscitation  (Table  4). 
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Discussion 

In  dogs  with  intracranial  hypertension,  acute,  bolus  fluid  resuscitation  from 
hemorrhagic  shock  is  associated  with  progressive  intracranial  hypertension. 

Supplemental  fluid  infusion,  given  as  necessary  to  maintain  CO,  further  exacerbates 
intracranial  hypertension.  This  effect  appears  to  be  independent  of  the  type  of  fluid 
infused  within  the  range  of  sodium  and  colloid  concentrations  examined  in  this  study.  In 
contrast,  Gunnar  et  al.7,12  and  Ducey  et  al.,8  demonstrated  that  more  highly  hypertonic 
resuscitation  solutions  were  associated  with  significantly  lower  ICP  than  were  isotonic 
resuscitation  solutions.  The  present  data  suggest  that  a  sodium  concentration  of  250 
mEq^L'1  is  insufficient  to  exert  an  important  therapeutic  effect  on  ICP. 

The  effects  of  fluid  resuscitation  on  ICP  requires  consideration  of  several  factors, 
including  cerebral  arterial  and  venous  blood  volume,  brain  tissue  volume  (i.e.,  water 
content),  and  cerebrospinal  fluid  volume.  Although  ICP  during  resuscitation  was 
comparable  in  all  groups,  the  four  fluids  may  nevertheless  have  caused  differential 
changes  in  the  components  of  intracranial  volume.  Hypertonic  salt  solutions  reduce 
brain  water  and  therefore  tend  to  reduce  ICP,  regardless  of  whether  antecedent  shock  is 
present.3,6'8,12’13  Colloid  solutions  do  not  decrease  brain  water,14*17  although  both 
isovolemic  hemodilution18  and  resuscitation  with  colloid  have  been  associated  with  a 
lower  ICP  than  resuscitation  with  conventional,  slightly  hypotonic,  crystalloid 
solutions.4,5,8  Cerebral  arterial  flow  tended  to  be  best  preserved  in  the  group  that 
received  the  hypertonic  resuscitation  fluid  without  colloid.  Therefore,  these  data  prompt 
the  hypothesis  that  hypertonic  resuscitation  solutions  may  result  in  a  primary  decline  in 
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cerebrovascular  resistance.  It  is  also  noteworthy  that  the  two  groups  that  received 
colloid-containing  fluids  tended  to  have  lower  CBF.  This  observation  also  merits  further 
study  in  light  of  the  demonstration  by  Muizelaar  and  others  that  the  cerebral  vasculature 
responds  poorly  to  increases  in  viscosity  if  autoregulation  is  impaired.19  Further  studies 
are  necessary  to  differentiate  the  effects  of  varying  constituents  of  resuscitation  fluid  on 
the  components  that  determine  ICP. 

The  effects  of  our  fluid  resuscitation  regimen  on  ICP  are  best  contrasted  with  the 
studies  by  Gunnar  and  colleagues, 6,7,17  who  studied  the  effects  on  ICP  of  three  complex 
fluid  resuscitation  regimens  following  60  minutes  of  hemorrhagic  shock  produced  by 
removing  40%  of  calculated  blood  volume.  Resuscitation  consisted  of  the  return  of  one- 
half  of  the  shed  blood  volume,  accompanied  by  either  0.9%  saline,  3.0%  saline  (513 
mEq/L),  or  10%  dextran-40  in  a  volume  equal  to  the  amount  of  shed  blood.  0.9% 
saline  was  then  infused  in  a  volume  of  1500  mL  over  the  subsequent  75  minutes.6  ICP 
was  lowest  in  the  animals  that  had  received  hypertonic  saline  prior  to  the  normal  saline 
infusion.  ICP  in  the  animals  that  had  received  0.9%  saline  was  similar  to  ICP  in  those 
that  had  received  dextran-40.  Although  the  maximum  increase  in  ICP  was  similar  in 
animals  receiving  0.9%  saline  and  those  receiving  dextran-40,  the  peak  increase  in  ICP  in 
the  0.9%  saline  animals  occurred  immediately  following  resuscitation  and  well  before  the 
peak  increase  in  animals  receiving  10%  dextran-40.  However,  the  greater  mean 
pulmonary  artery  pressure  <md  mean  PAOP  in  the  animals  that  received  dextran-40 
suggest  relative  hypervolemia  in  comparison  to  the  other  two  groups.  Gunnar  and 
colleagues  subsequently  compared  the  effects  of  normal  saline,  10%  dextran-40,  and 
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hypertonic  (3.0%)  saline  in  animals  that  had  been  subjected  to  hemorrhagic  shock 
combined  with  epidural  balloon  inflation.7  ICP  increased  most  dramatically  in  the 
normal  saline  and  dextran-40  groups  and  increased  little  in  the  hypertonic  sa  ine  group. 
Considered  in  relationship  to  the  present  study,  these  data  necessitate  greater  definition 
of  the  effects  of  blood  administration,  sodium  concentration,  total  osmolar  load,  and 
intravascular  volume  on  ICP  following  resuscitation. 

In  relation  to  the  present  study,  perhaps  the  most  important  observation  of 
Gunnar  and  colleagues  is  that  shock  combined  with  inflation  of  an  epidural  balloon 
produces  increased  permeability  of  the  blood-brain  barrier  to  Evan’s  blue  dye,  an 
albumin-bound  tracer.7  Further  studies  are  required  to  determine  the  influence  of 
intracranial  mass  lesions,  increased  ICP,  and  decreased  cerebral  perfusion  pressure  on 
blood  brain  barrier  function.  Gunnar  and  colleagues  permitted  ICP  to  decline  during 
the  shock  interval.  Therefore,  cerebral  perfusion  pressure  was  substantially  greater 
during  shock  in  that  study  than  in  the  present  study,  increasing  from  a  low  of 
approximately  40  mm  Hg  at  the  beginning  of  shock  to  approximately  65  mm  Hg  by  the 
end  of  the  shock  interval.  Consequently,  it  is  possible  that  blood-brain  barrier  function 
was  more  severely  damaged  by  cerebral  hypoperfusion  in  the  present  study. 

It  is  important  to  consider  the  comparability  of  this  model  to  the  clinical  situation. 
Experimental  studies  that  compare  various  fluid  regimens  for  resuscitation  from 
hemorrhagic  shock  must  select  one  of  a  variety  of  endpoints  in  order  to  achieve 
comparability  among  groups.  Perhaps  the  simplest  alternative  is  simply  to  infuse  a  fixed 
volume  of  each  of  the  test  fluids  as  a  bolus,  after  which  the  acute  effects  of  the 
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treatments  can  be  compared.  However,  the  infusion  of  solutions  containing  colloid,  such 
as  those  used  in  groups  Na-125P  and  Na-250P,  is  associated  with  a  more  sustained 
increase  in  plasma  volume  than  the  increase  produced  by  either  an  isotonic  or  a 
hypertonic  solution.3"5  A  second  alternative  is  to  infuse  sufficient  fluid  to  maintain  a  pre¬ 
determined  level  of  a  physiologic  endpoint  such  as  blood  pressure,  ventricular  filling 
pressures,  or  CO.  Blood  pressure,  the  endpoint  used  during  routine  clinical  resuscitation, 
may  remain  misleadingly  high  despite  progressively  declining  CO,  as  intravascular 
volume  declines.  Severely  traumatized,  hypovolemic  patients  may  be  monitored  with  a 
CVP  catheter  or  a  pulmonary  artery  catheter,  either  of  which  provides  an  estimate  of 
filling  pressure.  However,  CVP  and  PAOP  are  determined  by  complex  interactions 
among  blood  volume,  venous  capacitance,  and  ventricular  distensibility,  contractility,  and 
afterload. 

Intermittent  determinations  of  CO  using  thermodilution  have  been  used  as  a 
physiologic  endpoint  for  resuscitation  of  high-risk  surgical  patients.20  Certain  data 
suggest  that  this  approach  to  hemodynamic  management  may  improve  survival  and 
decrease  morbidity,  in  comparison  to  conventional  management  using  blood  pressure  or 
filling  pressures  to  guide  therapy.20  Therefore,  the  present  study  utilized  continuous  CO 
to  monitor  resuscitation.  Using  that  endpoint,  we  achieved  comparable,  stable  levels  of 
hemodilution  and  stable,  similar  levels  of  CO  and  systemic  oxygen  transport  during  the 
interval  from  T65  to  T155. 

In  summary,  in  the  presence  of  an  intracranial  mass  lesion,  resuscitation  from 
hemorrhagic  shock  is  associated  with  a  progressive  increase  in  ICP,  regardless  of  the 
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tonicity  or  oncotic  pressure  of  resuscitation  fluid,  if  comparable  levels  of  systemic 
hemodynamic  stability  are  achieved.  If  these  data  can  be  confirmed  in  humans, 
monitoring  of  ICP  or  other  variables  related  to  the  adequacy  of  cerebral  circulation  in 
the  immediate  post-resuscitation  interval  may  exert  a  favorable  effect  on  outcome 
following  acute  head  injury  in  conjunction  with  multiple  trauma.  Mortality  in  head- 
injured  patients  correlates  with  the  severity  of  intracranial  hypertension.  If  ICP  exceeds 
20  mm  Hg  but  can  be  reduced,  the  mortality  rate  approaches  45%;  if  ICP  exceeds  20 
mm  Hg  and  cannot  be  reduced,  the  mortality  rate  is  95%.21  Because  therapy  with  fluids 
uf  the  tonicities  and  colloid  concentrations  utilized  in  this  study  was  uniformly  associated 
with  intracranial  hypertension  and  gradually  declining  CBF  during  resuscitation,  other 
techniques  of  improving  systemic  perfusion  require  further  investigation.  Particular 
attention  should  be  paid  to  the  possibility  that  positive  inotropic  agents  might  improve 
cardiac  output  and  systemic  oxygen  transport  while  exerting  less  deleterious  effects  on 
the  cerebral  circulation  than  does  aggressive  fluid  resuscitation. 
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Table  1.  Characteristics  of  Hemorrhage  and  Resuscitation  (means  ±  SEM) 


Fluid 

Group 

N 

Body 

Weight 

(kg) 

Blood 

Loss 

(ml^kg-1) 

Bolus 
Volume 
(ml  ©kg'1) 

Supplemental 
Volume 
(ml  •kg'1) 

Supplementation 

Required 

(Time) 

Na-125 

6 

21. 2  ±0.9 

20.5  ±2.0 

40 

68.7  ±14.9* 

T95±6.1** 

Na-250 

7 

18.9  ±0.4 

25.9  ±3.7 

20 

45.6  ±6.2* 

T101±6.2** 

Na-125P 

7 

21.1  ±1.0 

22.3  ±3.9 

20 

8.3  ±21 

T135±  15.4 

Na-250P 

7 

20.5  ±0.6 

19.3±5.1 

20 

11.6±3.4 

T142±  10.4 

*  group  difference  in  volume  of  supplemental  fluid  required  to  maintain  CO.  Groups 
Na-125  and  Na-125P  differed  significantly  (p  <  0.001)  as  did  Groups  Na-250  and  Na- 
250P  (p<  0.001). 

**  group  difference  in  time  of  onset  of  supplemental  fluid  infusion.  Groups  Na*125  and 
Na-125P  differed  significantly  (p  <  0.05)  as  did  Groups  Na-250  and  Na-250P  (p<0.05). 


Table  2.  Serum  Osmolality  and  Colloid  Oncotic  Pressure 


Table  3.  Major  Systemic  Variables  (Means  t  SEM) 


Table  4.  Major  Cerebral  Variables  (Means  *  SEM) 
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Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Legends 

Changes  in  mean  arterial  pressure  (MAP)  following  resuscitation  from 
hemorrhage  with  hypotonic  lactated  saline  (Na-125),  hypertonic  lactated 
saline  (Na-250),  hypotonic  lactated  saline  with  10%  pentastarch  (Na-125P), 
or  hypertonic  lactated  saline  with  pentastarch  (Na-250P). 

Changes  in  cardiac  output  (CO)  following  resuscitation  from  hemorrhage 
with  hypotonic  lactated  saline  (Na-125),  hypertonic  lactated  saline  (Na- 
250),  hypotonic  lactated  saline  with  10%  pentastarch  (Na-125P),  or 
hypertonic  lactated  saline  with  pentastarch  (Na-250P). 

Changes  in  intracranial  pressure  following  resuscitation  from  hemorrhage 
with  hypotonic  lactated  saline  (Na-125),  hypertonic  lactated  saline  (Na- 
250),  hypotonic  lactated  saline  with  10%  pentastarch  (Na-125P),  or 
hypertonic  lactated  saline  with  pentastarch  (Na-250P). 

Changes  in  cerebral  perfusion  pressure  (CPP)  following  resuscitation  from 
hemorrhage  with  hypotonic  lactated  saline  (Na-125),  hypertonic  lactated 
saline  (Na-250),  hypotonic  lactated  saline  with  10%  pentastarch  (Na-125P), 
or  hypertonic  lactated  saline  with  pentastarch  (Na-250P). 

Changes  in  total  brain  blood  flow  (BBF)  following  resuscitation  from 
hemorrhage  with  hypotonic  lactated  saline  (Na-125),  hypertonic  lactated 
saline  (Na-250),  hypotonic  lactated  saline  with  10%  pentastarch  (Na-125P), 
or  hypertonic  lactated  saline  with  pentastarch  (Na-250P). 


I 
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ABSTRACT 

We  compared  canine  cerebrovascular  and  systemic  hemodynamics  following 
fluid  resuscitation  with  small,  equal  volumes  of  7.2%  saline,  20%  hydroxyethyl  starch, 
or  a  combination  of  the  two  in  a  model  of  intracranial  hypertension  (produced  by 
inflation  of  a  subdural  balloon)  and  hemorrhagic  shock.  Twenty-one  anesthetized, 
intubated  mongrel  dogs  were  ventilated  with  0.5%  balothane  in  nitrous  oxide  and 
oxygen  (60:40)  to  maintain  normocarbia.  While  intracranial  pressure  (ICP)  was 
maintained  at  20  mm  Hg  by  inflation  of  a  right-hemispheric,  subdural  balloon,  rapid 
hemorrhage  reduced  mean  arterial  pressure  to  55  mm  Hg  and  maintained  it  at  that 
level  for  30  minutes.  Subsequently,  over  five  minutes,  one  of  three  randomly  assigned 
resuscitation  fluids  was  infused  in  a  total  volume  of  6.0  ml  •kg’1:  (1)  7.2%  hypertonic 
saline  (HS;  1232  rnEq^L'1  sodium);  (2)  20%  hydroxyethyl  starch  (HES)  dissolved  in 
0.8%  saline;  or  (3)  20%  HES  dissolved  in  7.2%  HS  (HS/HES).  As  fluid  infusion 
began,  ICP  was  permitted  to  vary  without  further  manipulation.  Data  were  collected 
at  baseline  (BL),  after  balloon  inflation  (BI),  at  the  beginning  of  the  shock  interval 
(TO),  at  the  end  of  the  shock  interval  (T30),  immediately  following  fluid  infusion 
(T35),  and  at  thirty-minute  intervals  thereafter  for  two  hours  (T65,  T95,  T125,  T155). 
ICP  and  cerebral  blood  flow  (cerebral  venous  outflow  technique)  were  compared 
among  groups  using  repeated  measures  ANOVA.  Following  rapid  fluid  infusion, 
mean  arterial  pressure  was  better  maintained  from  T65  to  T125  in  the  two  groups 
that  received  colloid  (HES  and  HS/HES)  than  in  the  HS  group  (p<0.05  at  T95).  At 
T35,  ICP  in  the  HCS  and  HS/HES  groups  exceeded  that  in  the  HS  group  (p<  0.001), 
which  remained  at  shock  levels.  ICP  increased  further  in  the  HS/HES  group, 
exceeding  that  in  both  the  HS  and  HES  groups  at  T95  and  T125  (p<0.05).  ICP  in 


the  HS  group  increased  from  T95  onward,  equalling  ICP  in  the  HES  group  but 
remaining  lower  than  in  the  HS/HES  group.  Cerebral  blood  flow  decreased  in  all 
groups  during  shock,  partially  recovered  at  T35,  then  declined  steadily  afterwards 
without  statistical  difference  among  groups.  Following  a  severe  reduction  in  cerebral 
perfusion  pressure,  resuscitation  with  hypertonic  solutions  fails  to  produce  a  sustained 
lower  level  of  ICP  than  colloid  resuscitation. 


Key  words:  Hemorrhagic  shock 
Intracranial  pressure 
Subdural  mass 
Hypertonic  saline 
Hydroxyethyl  starch 
Resuscitation 
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INTRODUCTION 

Traumatic  hypotension  is  associated  with  increased  mortality  in  patients  who 
have  suffered  closed  head  injury.13  In  patients  with  a  Glasgow  Coma  Score  <  8  on 
admission  to  the  hospital,  a  systolic  blood  pressure  less  than  90  mm  Hg  is  associated 
with  a  risk  of  poor  neurologic  outcome  that  is  13  times  greater  than  the  risk  in  those 
patients  in  whom  systolic  arterial  pressure  exceeds  90  mm  Hg.3  Although  inadequate 
cerebral  perfusion  during  shock  or  resuscitation  could  contribute  to  the  increased 
mortality  and  morbidity,  cerebral  circulatory  changes  during  acute  hemorrhage  and 
resuscitation  have  not  been  described  in  man.  Animal  models  must  provide  basic 
information  about  changes  in  intracranial  pressure  (ICP),  cerebral  blood  flow  (CBF), 
and  cerebral  metabolism  during  shock  and  resuscitation. 

Hemorrhagic  shock  reduces  ICP  in  animals  without  intracranial  pathology21  and 
reduces  ICP  to  an  even  greater  extent  if  an  intracranial  mass  lesion  exists.6,19 
Subsequent  restoration  of  blood  pressure  produces  a  rapid  increase  in  ICP,  the 
magnitude  of  increase  depending  upon  the  type  of  resuscitation  fluid  used.6,19  Small 
volumes  (4.0-6.0  ml ‘kg'1)  of  hypertonic  resuscitation  solutions  produce  a  minimal 
increase  in  ICP  in  comparison  to  the  large  increase  associated  with  conventional 
crystalloid  solutions,5,20,21  yet  produce  substantial  improvements  in  blood  pressure, 
cardiac  output,  and  survival  after  otherwise  lethal  hemorrhage.5,1523,28,29  Hypertonic 
solutions  are  associated  with  lower  ICP  even  when  employed  for  resuscitation  in  a 
volume  sufficient  to  produce  hyperdynamic  cardiac  output  values.6^ 

Unfortunately,  hypertonic  solutions  only  transiently  improve  systemic 
hemodynamic  values.21  Several  investigators  have  attempted  to  increase  the  duration 
of  these  effects  by  combining  a  synthetic  colloid  with  hypertonic  saline.12,16,17,24,30 
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Such  solutions  retain  the  greatest  advantage  of  hypertonic  solutions  (i.e.,  efficacy  when 
infused  in  small  volumes),  arJ  asset  that  is  undergoing  investigation  as  a  tool  for  the 
immediate  stabilization  of  trauma  victims.17 

From  the  perspective  of  cerebral  hemodynamics,  a  combination  of  hypertonic 
crystalloid  and  colloid  could  be  advantageous.  Colloid-containing  resuscitation 
solutions  also  appear  to  be  associated  with  a  smaller  rise  in  ICP  than  isotonic  or 
slightly  hypotonic  crystalloid  solutions,5 18,19  although  some  experimental  data  suggest 
that  colloid  solutions  are  equivalent  to  0.9%  saline  in  their  effects  on  ICP.6"8 
However,  CBF  may  not  be  improved  despite  lower  post-resuscitation  ICP.19,21 

Our  model  combined  decreased  intracranial  compliance  and  hemorrhagic  shock 
to  compare  the  cerebrovascular  and  systemic  hemodynamic  effects  of  resuscitation 
with  small,  equal  volumes  of  7.2%  saline,  20%  hydroxyethyl  starch,  or  a  combination 
of  the  two. 
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METHODS 

Twenty-one  mongrel  dogs  weighing  18-24  kg  were  handled  according  to 
guidelines  established  by  our  institution’s  Animal  Care  and  Use  Committee.  Dogs 
ere  fasted  overnight,  anesthetized  with  intravenous  thiopental  sodium  (8.0  mg* kg'1), 
paralyzed  with  intravenous  vecuronium  (0.2  mg ‘kg'1),  endotracheally  intubated,  and 
maintained  under  anesthesia  with  halothane  0.5%  in  nitrous  oxide  and  oxygen  (60:40). 
Animals  were  mechanically  ventilated  at  a  rate  and  tidal  volume  (15  ml ‘kg'1) 
necessary  to  maintain  normocarbia. 

Two  femoral  arterial  catheters  were  placed  for  monitoring  of  arterial  blood 
pressure  and  for  rapid  hemorrhage.  A  flow-directed,  pulmonary  artery  catheter  was 
placed  percutaneously  via  the  right  external  jugular  vein.  Systemic  and  pulmonary 
pressures  were  recorded  continuously  on  a  Grass  model  79D  polygraph  (Grass 
Instrument  Co.,  Quincy,  Mass.)  with  saline-filled  Gould-Statham  P23  transducers 
(Gould,  Inc.,  Oxnard,  Ca.).  Pulmonary  artery  occlusion  (PAOP)  was  recorded 
intermittently.  Cardiac  output  (CO)  was  recorded  intermittently  using  an  American 
Edwards  Sat-1  CO  computer  (American  Edwards,  Corp.,  Santa  Ana,  Ca.).  All 
transducers  were  intermittently  calibrated  with  the  zero  level  established  at  the  level 
of  the  left  atrium.  Blood  temperature  was  monitored  by  a  thermistor  on  the  tip  of 
the  pulmonary  artery  catheter  and  maintained  using  a  heating  pad  on  the  trunk  and 
extremities. 

Following  splenectomy,  animals  were  turned  to  the  prone  "sphinx"  position,  and 
the  temporalis  and  occipital  musculature  dissected  from  the  skull.  Adter 
heparinization  (500  IU’kg'1),  the  confluence  of  the  sagittal  and  lateral  sinuses  was 
cannulated.  Cerebral  blood  flow  (CBF)  was  measured  in  ml ‘min'1  using  timed 
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samples  of  cerebral  venous  outflow,  a  technique  originally  described  by  Rapela  and 
Green.22  An  18-ga  catheter  inserted  into  the  dstema  magna,  zeroed  to  the  level  of 
the  external  auditory  canal  (7  cm  above  the  left  atrium),  provided  continuous  ICP 
monitoring.  The  dura  was  incised  through  a  right  temporoparietal  burr  hole  and  the 
balloon  tip  of  a  7-Fr  Foley  catheter  was  inserted  subdurally  for  manipulation  of  ICP. 
Animals  were  subjected  to  no  further  manipulation  during  the  subsequent  30  minutes. 

Baseline  (BL)  measurements  included:  CBF,  ICP,  systolic  and  diastolic  arterial 
pressure  (SAP  and  DAP),  systolic  and  diastolic  pulmonary  arteiy  pressure  (PAS  and 
PAD),  PAOP,  CO,  and  serum  osmolality  (5500  Vapor  Pressure  Osmometer,  Wescor, 
Inc.,  Logan,  Utah).  Arterial  and  cerebral  venous  pH,  PCO^  and  P02  were  measured 
with  an  IL  1306  blood  gas  analyzer  and  arterial  and  cerebral  oxygen  saturation  and 
hemoglobin  (Hgb)  were  analyzed  in  an  II  282  CO-Oximeter  (Instrumentation 
Laboratory,  Lexington,  Mass.).  From  the  collected  data  we  calculated  mean  arterial 
pressure  (MAP  =  DAP  +  1/3  (SAP  -  DAP),  cerebral  perfusion  pressure  (CPP  = 
MAP  -  ICP),  cerebral  arteriovenous  oxygen  content  difference  (cerebral  A-VD02),  and 
estimated  cerebral  oxygen  consumption  (CMR02)  in  ml ‘min'1  as  CBF  x  the  cerebral 
A-VD02.  Cerebral  oxygen  transport  (C02T)  in  ml 'min'1  was  calculated  as  CBF  x 
Ca02. 

Immediately  following  baseline  (BL)  measurements,  ICP  was  increased  to  20 
mm  Hg  by  inflation  of  the  subdural  balloon  with  saline  and  was  maintained  at  that 
level  throughout  shock.  Following  balloon  inflation  (BI),  a  second  data  set  was 
obtained.  Arterial  blood  withdrawal  then  rapidly  reduced  MAP  to  55  mm  Hg  and 
maintained  it  at  that  level  for  30  minutes.  Data  were  recorded  at  the  beginning  (TO) 
and  end  (T30)  of  the  30-minute  shock  interval.  Animals  were  then  randomly  assigned 
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to  receive  one  of  three  resuscitation  fluids  over  a  five-minute  interval  in  a  volume 
(6.0  ml ‘kg’1)  equal  to  only  a  fraction  of  the  shed  blood  volume.  Group  HS 
(hypertonic  fluid  alone)  received  12%  NaG  (1232  mEq*L'’  Na+),  group  HES  (colloid 
alone)  received  20%  hydroxyethyl  starch  dissolved  in  0.8%  saline  (137  mEq^L'1  Na+), 
and  group  HS/HES  received  20%  hydroxyethyl  starch  dissolved  in  7.2%  saline.  As 
resuscitation  began,  ICP  was  allowed  to  vary  independently.  Data  were  collected 
immediately  following  fluid  infusion  (T35)  and  at  thirty  minute  intervals  thereafter  for 
two  hours,  designated  as  T65,  T95,  T125,  and  T155.  Figure  1  summarizes  the 
experimental  preparation. 


Statistical  Analysis 

The  Kruskal- Wallis  test  was  employed  to  detect  differences  between  the  three 
fluid  groups  at  BL  and  BI.  A  multivariate  repeated  measures  analysis  of  variance 
(ANOVA)  was  performed  to  determine  if  interactions  between  groups  and  time 
existed.4  Interactions  were  analyzed  further  with  the  Holm’s  sequentially  rejective 
multiple  test  procedure  using  a  significant  level  of  0.05.9  To  assess  time  or  group 
differences  when  an  interaction  was  not  present,  a  multivariate  repeated  measures 
ANOVA  and  an  analysis  of  covariance  were  performed  on  the  dependent  variables. 
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RESULTS 

Mean  body  weights  and  volumes  of  shed  blood  during  hemorrhage  for  Groups 
HS/HES,  HS,  and  HES  are  listed  in  Table  1.  Body  weight  and  shed  blood  volume 
were  comparable  among  groups. 


Systemic  Data 

Mean  Arterial  Pressure 

All  groups  exhibited  comparable  MAP  at  BL,  BI,  TO,  and  T30  (Figure  2).  In 
response  to  fluid  resuscitation  (T35),  MAP  increased  similarly  in  all  three  groups.  At 
T95,  MAP  in  the  HS  group  was  significantly  lower  than  in  the  two  colloid  groups  (p 
<  0.05).  At  no  time  did  any  of  the  three  resuscitation  fluids  restore  MAP  to 
baseline. 

Cardiac  Output 

CO  declined  during  hemorrhage  to  approximately  50%  of  baseline  (Figure  3). 
CO  increased  following  resuscitation  in  all  groups,  returning  to  baseline  in  HES  and 
somewhat  exceeding  baseline  in  HS  and  HS/HES  (p  =  NS  among  groups). 

Other  Systemic  Variables 

PaCOj,  hemoglobin,  PaO^  pH,  blood  temperature,  and  PAOP  were  similar 
among  groups  at  all  time  intervals  (Table  2).  Increases  in  serum  osmolality  were 
greatest  in  the  HS  group,  intermediate  in  the  HS/HES  group  and  lowest  in  the  HES 
group.  (Table  3). 
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Cerebral  Hemodynamic  Data 

Intracranial  Pressure 

ICP  (Fig.  4)  was  similar  before  balloon  inflation  in  the  three  groups  and  was 
maintained  at  20  mm  Hg  throughout  the  shock  interval.  Resuscitation  resulted  in 
initial  increases  in  ICP  in  the  HES  and  HS/HES  groups  compared  to  the  HS  group 
which  remained  at  shock  levels  (pc.OOl  HS/HES  vs  HS  and  HES  vs  HS).  By  T65, 
ICP  had  increased  further  in  both  the  HES  and  HS/HES  groups,  but  remained  at  20 
±  3  mm  Hg  in  the  HS  group  (p<0.05  HS/HES  vs  HS  and  HES  vs  HS).  After  T65, 
ICP  remained  stable  in  the  HES  group  but  increased  further  in  both  groups  that  had 
received  hypertonic  solutions.  At  T95  and  T125,  ICP  in  the  HS/HES  group 
significantly  exceeded  ICP  in  the  other  two  groups  (p<0.05).  Resuscitation  increased 
ICP  significantly  in  all  groups  over  the  duration  of  the  post-resuscitation  interval 
(p <0.0001,  T35  vs  T155). 


Cerebral  Perfusion  Pressure 

Cerebral  perfusion  pressure  (Fig.  5)  followed  the  same  general  pattern  as 
MaP,  although  it  tended  to  be  highest  in  the  HES  group  from  T95  onward. 


Cerebral  Blood  Flow 

During  shock,  CBF  declined  significantly  in  each  group  compared  to  baseline 
CBF  (Fig.  6)  (p  <  0.05).  Resuscitation  (T35)  was  associated  with  an  increase  in  CBF 
in  both  the  HS  and  HS/HES  groups  to  near  baseline,  in  contrast  to  HES  which 
increased  only  slightly  immediately  following  resuscitation.  Analysis  of  covariance 
detected  a  significant  difference  in  CBF  between  the  HS,  HS/HES,  and  HES  groups 
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at  T35  (p  =  0.025  HS  vs  HES  and  HS/HES  vs  HES).  Following  T35,  CBF  declined 
in  the  HS  and  HS/HES  groups,  a  trend  that  continued  until  the  end  of  the 
experimental  period. 

Table  4  lists  interval  changes  in  cerebral  A-VDO^  CMRO^  and  C02T.  Note 
that  the  units  for  the  latter  two  measurements  are  ml  •min'1  to  correspond  to  the 
units  of  CBF  measurement. 
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DISCUSSION 

This  study  confirms  previous  reports15,23,28,29  that  small  volumes  of  hypertonic 
saline  increase  MAP  and  CO  following  severe  hemorrhage.  Similar  small  volumes  of 
a  combination  of  hypertonic  saline  and  highly  concentrated  hydroxyethyl  starch 
produce  acute  systemic  hemodynamic  effects  comparable  to  those  produced  by  HS. 
These  data  are  comparable  to  those  that  demonstrate  the  similarity  of  the  acute 
hemodynamic  effects  of  hypertonic  saline  alone  and  hypertonic  saline  combined  with 
6.0%  dextran,12, 16,24,30  although  the  present  study  combined  a  more  concentrated 
mixture  of  colloid  with  hypertonic  saline.  In  addition,  they  also  demonstrate  that 
equal  small  volumes  of  a  highly  concentrated  solution  of  hydroxyethyl  starch  in  0.8% 
saline  restore  MAP  and  CO  in  a  comparable  fashion.  Therefore,  from  the 
perspective  of  acute  restoration  of  overall  systemic  perfusion,  small  volumes  of  any  of 
the  three  solutions  tested  are  equally  effective. 

These  data  further  clarify  the  cerebral  physiologic  effect^of  hypertonic  and 
hyperoncotic  resuscitation  solutions.  Isovolemic  hemodilution  (without  shock)  with 
hypertonic  lactated  saline  (252  rnEq^L'1  Na+)  decreases  ICP  and  brain  water  in 
comparison  to  0,9%  saline.25  Because  the  normal  blood  brain  barrier  is  poorly 
permeable  to  sodium,  changes  in  serum  osmolality  cause  rapid  changes  in  ICP  and  in 
brain  water.  Zornow  and  colleagues  used  plasmapheresis  to  acutely  reduce  serum 
osmolality  and  oncotic  pressure  in  rabbits  and  demonstrated  that  small  decreases  in 
serum  osmolality  increased  ICP  and  brain  water,  whereas  decreases  in  oncotic 
pressure  slightly  increased  ICP  without  increasing  brain  water.33  Changes  in  oncotic 
pressure  exert  little  effect  on  ICP  and  brain  water,  even  in  animals  with  experimental 
brain  injury.  Isovolemic  hemodilution  with  lactated  Ringer’s  solution,  a  slightly 
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hypotonic  solution,  increases  ICP  and  brain  water  in  comparison  to  6.0%  hydroxyethyl 
starch.27  Following  focal,  cortical,  cryogenic  brain  injury  in  rabbits,  45  minutes  of 
isovolemic  hemodilution  with  0.9%  saline,  6.0%  hydroxyethyl  starch,  or  5.0%  albumin 
produced  no  differences  among  groups  in  ICP  or  brain  water.32 

However,  hemodiiution  following  hemorrhagic  shock  may  exert  different  effects 
on  ICP  than  isovolemic  hemodilution  in  the  absence  of  shock.  Hypertonic  saline  also 
has  been  associated  with  a  lower  ICP  than  isotonic  or  slightly  hypotonic  salt  solutions. 
s-8,20,21  prough  and  colleagues  compared  a  single  bolus  of  7.5%  hypertonic  saline  (6.0 
ml  •kg'1)  to  lactated  Ringer’s  solution  (60  ml ‘kg'1)  following  a  30-minute  shock 
interval  produced  by  blood  loss  of  approximately  40  ml* kg'1  in  mongrel  dogs.21 
Hypertonic  saline  was  associated  with  a  significantly  lower  post-resuscitation  ICP  but  a 
similar,  reduced  level  of  CBF  and  cerebral  oxygen  transport.  Gunnar  and  colleagues 
compared  3.0%  saline,  0.9%  saline,  and  a  10%  solution  of  low  molecular  weight 
dextran.  Following  a  one-hour  interval  of  hemorrhagic  shock,  the  investigators 
returned  one-half  of  the  shed  blood,  infused  one  of  the  test  fluids  in  a  volume  equal 
to  shed  blood,  then  infused  1500  ml  of  0.9%  saline  over  the  ensuing  1.25  hours.8  ICP 
in  the  group  that  had  received  10%  dextran  remained  similar  to  ICP  in  the  group 
that  received  0.9%  saline,  both  of  which  consistently  exceeded  ICP  in  the  group  that 
had  received  3.0%  saline.  However,  the  conclusion  that  colloid  and  isotonic 
crystalloid  resuscitation  produces  comparable  changes  in  ICP  is  complicated  by  the 
higher  central  venous  pressure  (CVP)  in  the  group  that  had  received  low  molecular 
weight  dextran.  Increases  in  CVP  increase  ICP,  presumably  by  increasing  cerebral 
venous  blood  volume.  Poole  and  colleagues  resuscitated  animals  both  with  and 
without  intracranial  mass  lesions  from  hemorrhagic  shock  using  a  single  intravenous 
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bolus  of  either  6.0%  hydroxyethyl  starch  or  lactated  Ringer’s  solution.18,19  Although 
the  latter  two  studies  showed  a  lower  ICP  in  the  group  that  had  received  colloid,  the 
difference  may  have  been  associated  with  the  difference  in  resuscitation  volumes 
rather  than  in  changes  in  brain  water,  which  were  not  measured.  Gunnar  and 
colleagues  subsequently  reported  preliminary  data  suggesting  that  a  resuscitation 
regimen  equivalent  to  the  one  they  had  previously  reported  produced  no  differences 
in  CBF.7 

The  present  study  was  designed  to  duplicate  the  circumstances  of  acute,  pre¬ 
hospital  resuscitation,  in  which  maximal  hemodynamic  benefit  must  be  achieved 
rapidly,  ideally  with  the  infusion  of  a  small  volume  of  fluid.  The  presence  of  an 
intracranial  mass  lesion,  limiting  intracranial  compliance,  necessitates  consideration  of 
the  effects  of  resuscitation  on  ICP.  Under  such  circumstances,  the  three  fluids  tested 
produced  no  clinically  important  differences  in  ICP  or  CBF.  Although  the  immediate 
effects  on  CO  were  slightly  greater  in  the  two  groups  that  received  hypertonic 
solutions,  those  differences  promptly  resolved.  Although  ICP  was  initially  somewhat 
lower  in  the  group  that  received  HS  without  colloid,  that  difference  also  rapidly 
resolved.  Although  CBF  was  initially  lowest  in  the  group  that  received  HES  alone, 
no  differences  remained  30  minutes  after  resuscitation.  Intuitively,  the  more  rapid 
restoration  of  CBF  in  the  two  groups  receiving  hypertonic  fluids  might  improve 
neurologic  outcome  in  head-injured  animals,  although  that  has  not  been  investigated. 

The  surprising  observation  provided  by  this  data  set  is  the  gradual,  delayed  rise 
in  ICP  beginning  30-60  minutes  after  resuscitation  in  the  two  groups  that  received 
hypertonic  solutions.  Systemic  variables  changed  in  a  fashion  that  should  not  have 
increased  ICP.  From  T65  to  T155,  MAP  remained  stable  in  the  HS  group  and 
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gradually  declined  in  the  group  that  had  received  HS/HES.  CO  similarly  tended  to 
decline  over  the  same  interval.  PAD,  indirectly  reflecting  blood  volume,  also 
declined.  Nevertheless,  ICP  increased  from  35.0  ±  4.3  mm  Hg  to  51.4  ±  6.7  mm  Hg 
in  the  HS/HES  group  and  from  20.9  ±  3.3  mm  Hg  to  37.6  ±  4.2  mm  Hg  in  the  HS 
group.  The  increase  in  ICP  in  the  HS  group  was  unexpected,  based  upon  previous 
experience  with  hypertonic  saline  solutions21  and  upon  data  from  other  authors.®® 

An  important  hypothesis  that  requires  testing  is  whether  the  level  of  cerebral 
perfusion  pressure  in  these  animals  with  intracranial  mass  lesions,  in  contrast  to  those 
without  lesions  studied  previously,  was  sufficiently  low  to  produce  blood-brain  barrier 
dysfunction  accompanied  by  a  delayed  increase  in  brain  sodium  and  water 
concentration.  Gunnar  and  colleagues  compared  the  effects  of  resuscitation  with  0.9% 
saline,  10%  dextran-40,  and  hypertonic  (3.0%)  saline  in  animals  that  had  been 
subjected  to  hemorrhagic  shock  combined  with  epidural  balloon  inflation.® 
Resuscitation  consisted  of  return  of  one-half  of  shed  blood,  followed  by  infusion  of  a 
volume  equal  to  shed  blood  volume  of  one  of  the  test  fluids.  Additional  0.9%  saline 
was  then  administered  to  all  animals  to  maintain  right  atrial  pressure  at  10  min  Hg. 
ICP  increased  dramatically  in  the  0.9%  saline  and  dextran-40  groups  and  increased 
little  in  the  hypertonic  saline  group.  All  animals  showed  evidence  of  breakdown  of 
the  blood-brain  barrier. 

Several  important  differences  in  experimental  design  require  comment.  First, 
the  epidural  balloon  was  inflated  prior  to  shock  and  permitted  to  decline  as  a 
consequence  of  shock.  In  this  respect,  the  methodology  resembles  that  of  Poole  and 
colleagues19  rather  than  the  methodology  of  the  present  study  because  CPP  was  less 
severely  reduced.  Second,  resuscitation  was  initiated  with  one-half  of  the  previously 
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shed  blood.  Infusion  of  blood  alone  increased  cardiac  index  to  control  values.  In 
contrast,  in  the  present  study,  resuscitation  was  initiated  with  blood-free  solutions,  as 
usually  occurs  in  clinical  resuscitation.  Third,  Gunnar  and  colleagues  resuscitated 
animals  with  equal  volumes  of  the  test  solutions.  Therefore,  since  the  acute  sodium 
load  administered  to  the  animals  receiving  3.0%  saline  far  exceeded  that  administered 
in  the  present  study,  a  greater  reduction  in  brain  water  would  be  predicted.  It  is  also 
evident  that  an  infusion  of  10%  dextran-40  in  a  volume  equal  to  shed  blood  volume 
is  not  equivalent  to  the  infusion  of  an  equal  volume  of  0.9%  saline.  One  would 
expect  that  the  expansion  of  blood  volume  induced  by  oncotic  pressure  differences 
would  substantially  alter  the  systemic  response.  In  fact,  the  decline  in  hematocrit 
reported  by  the  authors  was  nearly  twice  as  great  following  dextran-40  as  following 
0.9%  saline.  Although  the  maximum  increase  in  ICP  was  similar  in  animals  receiving 
0.9%  saline  and  those  receiving  dextran,  the  peak  increase  in  ICP  in  the  0.9%  saline 
animals  occurred  immediately  following  resuscitation  and  well  before  the  peak 
increase  in  animals  receiving  10%  dextran-40. 

Perhaps  the  most  important  observation  of  Gunnar  and  colleagues,  for  the 
purposes  of  the  present  study,  is  that  inflation  of  an  epidural  balloon  combined  with 
shock  and  resuscitation  produced  increased  permeability  of  the  blood-brain  barrier  to 
Evan’s  blue  dye,  an  albumin-bound  tracer.8  The  deterioration  in  blocd-brain  barrier 
function  demonstrated  by  those  authors  may  well  explain  the  late  rise  in  ICP  in  the 
present  study.  In  fact,  because  Gunnar  and  colleagues  permitted  ICP  to  decline 
during  the  shock  interval,  the  extent  of  underlying  parenchymal  injury  may  well  have 
been  less.  Although  the  authors  did  not  measure  CBF,  CPP  increased  from  a  low  of 
approximately  40  mra  Hg  at  the  beginning  of  shock  to  approximately  65  mm  Hg  by 
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the  end  of  the  shock  interval.  Because  CPP  was  substantially  less  in  the  present 
study,  it  is  likely  that  blood-brain  barrier  function  was  more  severely  damaged. 

Todd  and  colleagues  have  demonstrated  that  the  duration  of  cerebral  ischemia 
influences  the  severity  of  subsequent  cerebral  edema.26  However,  Todd  et  al.  reduced 
CBF  during  ischemia  nearly  to  zero,  whereas  CBF  in  the  present  study  was  reduced 
to  only  about  one-third  of  baseline  levels.  Although  preceding  ischemia  does  not 
alter  the  rate  at  which  sodium  is  transported  across  the  blood-brain  barrier  into  the 
brain,  it  does  appear  to  impair  clearance  of  sodium  from  the  brain.1,14  The  effects  of 
fluid  infusion  on  ICP  following  other  types  of  brain  insult  have  been  studied.  Warner 
and  Bochland  induced  acute  forebrain  ischemia  with  carotid  occlusion  and 
hemorrhagic  hypotension  for  10  minutes  in  rats,  then  administered  0.9%  saline,  6.0% 
hydroxyethyl  starch,  or  returned  shed  blood.31  They  demonstrated  no  differences  in 
the  accumulation  of  brain  water  with  the  exception  of  an  isolated  increase  in  brain 
water  in  the  caudoputamen  24  hours  following  infusion  of  6.0%  hydroxyethyl  starch. 
Kaieda  and  colleagues  reduced  colloid  oncotic  pressure  in  pentobarbital-anesthetized 
rabbits  who  had  undergone  cryogenic  brain  injury  and  demonstrated  no  effects  of 
either  brief  or  prolonged  reductions  in  oncotic  pressure  on  brain  water.10,11 
Therefore,  the  effects  on  ICP  and  brain  water  of  various  fluids  appear  to  depend 
upon  the  experimental  model  employed. 

These  data  confirm  previous  data  that  demonstrate  that,  following  hemorrhagic 
shock,  hemodilution  fails  to  restore  CBF  to  pre-shock  levels.18,19,21  In  each  of  these 
animal  studies,  despite  an  increase  in  CPP  to  a  level  compatible  with  preserved 
autoregulation,2  CBF  remained  below  baseline.  This  clearly  contrasts  with  changes  in 
CBF  that  accompany  isovolemic  hemodilution.25,27  At  comparable  levels  of  CPP 
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immediately  following  resuscitation,  the  two  hypertonic  solutions  produced  slightly 
higher  CBF  than  the  isotonic  colloid  solution,  although  that  tendency  rapidly 
disappeared.  Further  studies  are  necessary  to  confirm  the  possible  superiority  of 
hypertonic  solutions  and  to  determine  if  the  effect  results  from  a  specific  effect  of 
hypertonicity  on  cerebrovascular  resistance  or  on  other  unidentified  factors. 

This  critical  observation  of  the  gradual  increase  in  1CP  following  resuscitation 
with  hypertonic  solutions  after  severe  reductions  in  cerebral  perfusion  pressure 
necessitates  additional  study  before  HS  can  be  safely  employed  in  patients  with  the 
potential  for  blood  brain  barrier  disruption.  Additional  animal  studies  should  be  done 
in  animals  that  have  undergone  other  types  of  brain  injury,  particularly  models  that 
duplicate  features  of  clinical  closed  head  injury. 
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LEGENDS 

Figure  1.  Summary  of  experimental  preparation. 

Figure  2.  Response  of  mean  arterial  pressure  following  resuscitation  from 
hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS),  20%  hydroxyethyl  starch  (HES), 
or  hypertonic,  hyperoncotic  hydroxyethyl  starch  (HS/HES). 

Figure  3.  Changes  in  cardiac  output  following  resuscitation  from  hemorrhagic  shock 
with  hypertonic  7.2%  saline  (HS),  20%  hydroxyethyl  starch  (HES),  or  hypertonic, 
hyperoncotic  hydroxyethyl  starch  (HS/HES). 

Figure  4.  Response  of  intracranial  pressure  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS),  20%  hydroxyethyl  starch  (HES),  or 
hypertonic,  hyperoncotic  hydroxyethyl  starch  (HS/HES).  Intracranial  hypertension 
induced  by  inflation  of  an  subdural  balloon  accompanied  hemorrhage. 

Figure  5.  Changes  in  cerebral  perfusion  pressure  following  resuscitation  from 
hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS),  20%  hydroxyethyl  starch  (HES), 
or  hypertonic,  hyperoncotic  hydroxyethyl  starch  (HS/HES).  Intracranial  hypertension 
induced  by  inflation  of  an  subdural  balloon  accompanied  hemorrhage. 

Figure  6.  Response  of  cerebral  blood  flow  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS),  20%  hydroxyethyl  starch  (HES),  or 


hypertonic,  hyperoncotic  hydroxyethyl  starch  (HS/HES).  Intracranial  hypertension 
induced  by  inflation  of  an  subdural  balloon  accompanied  hemorrhage. 


Table  1.  Body  Weight,  Shed  Blood  Volume  and  Balloon  Volume 

(means  ±  SEM) 


23 
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Group 

N 

Weight 

(kg) 

Blood  Loss 

(ml- kg’1) 

Resus.  Volume 

(ml -kg’1) 

Balloon  Volume 

(ml) 

HS/HES 

7 

20.7  ±1.1 

22.8  ±3 

6 

5.5  ±.7 

HES 

7 

23.3  ±0.8 

233±1 

6 

7.6  ±3 

HS 

7 

18.6  ±2.7 

21.5  ±2 

6 

4.8  ±.9 

25 


f 

Table  3.  Serum  Osmolality  (Means 

±  SEM) 

1 

1 

1 

l 

Group 

BL 

T95 

T155 

j  Serum  Osmolality 

i  (mOsnvL'1) 

HS/HES 

297  ±5 

313±4 

316±5 

1 

y 

i 

i 

1 

HS 

287  ±3 

337  ±13 

321  ±6 

HES 

279  ±6 

302±4 

301±5 

Table  4.  Major  Cerebral  Variables  (Means  ±  SEM) 
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ABSTRACT 

To  determine  if  hypertonic  and  hyperoncotic  resuscitation  solutions  exerted 
comparable  effects  on  cerebral  hemodynamics  following  hemorrhagic  shock,  we  compared 
randomly  assigned,  equal  volumes  (6.0  mltkg'1)  of  hypertonic  (7.2%)  saline  (HS)  and 
hyperoncotic  (20%)  hydroxyethyl  starch  (HES)  for  resuscitation  from  acute  experimental 
hemorrhage  in  12  anesthetized  dogs.  Regional  cerebral  blood  flow  (radiolabelled 
microspheres),  intracranial  pressure  (cisternal  catheter),  and  systemic  hemodynamics  were 
recorded.  Rapid  hemorrhage  reduced  mean  arterial  pressure  to  45  mm  Hg  for  30  minutes. 
Resuscitation  fluids  were  infused  over  5  minutes.  Both  fluids  restored  mean  arterial 
pressure  and  cardiac  output  equally.  Cardiac  output  rapidly  declined,  however,  in  the  HS 
group  in  comparison  to  the  HES  group  (p<0.05  60  minutes  following  resuscitation). 
Intracranial  pressure  and  cerebral  perfusion  pressure  were  similar  at  all  intervals.  Regional 
cerebral  blood  flow  was  similar  following  both  fluids.  Neither  fluid  restored  cerebral  oxygen 
transport  to  baseline  values.  Following  severe  hemorrhagic  shock  of  brief  duration,  systemic 
and  cerebral  hemodynamic  values  are  restored  equally  well  by  highly  concentrated  colloid 
or  by  hypertonic  saline,  although  hypertonic  saline  only  transiently  improves  cardiac  output. 
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INTRODUCTION 

Following  acute  trauma  or  hemorrhage,  prompt  restoration  of  systemic 
hemodynamics  is  essential.  An  ideal  fluid  for  acute  resuscitation  should  restore  systemic 
hemodynamics  when  administered  in  a  volume  constituting  only  a  fraction  of  shed  blood 
volume.  Recently,  small-volume  resuscitation  with  hypertonic  salt  solutions  has  proven 
effectively  to  restore  systemic  hemodynamics.  Following  initial  reports  by  Velasco  and 
colleagues  (32,13,26),  numerous  investigators  have  studied  hypertonic  saline,  in  a  variety 
of  concentrations,  with  and  without  added  colloid  (25,7,24,31,11,28,15,6,5).  Based  upon 
these  reports,  it  is  apparent  that  small  volumes  of  hypertonic  salt  solutions  improve  survival 
in  severe,  experimental  hemorrhagic  shock  (32,26,31,11,28,15),  that  they  are  associated  with 
lower  intracranial  pressure  (ICP)  following  resuscitation  than  are  isotonic  salt  solutions 
(25,7,24,5),  and  that  the  systemic  hemodynamic  effects  of  hypertonic  saline  alone  are 
relatively  short-lived  (25,28,15).  Addition  of  colloid,  usually  6.0%  dextran,  produces  more 
sustained  hemodynamic  effects  than  hypertonic  saline  solutions  alone  (28,15,16). 

However,  rapid  infusion  of  hypertonic  solutions  containing  sodium  in  concentrations 
substantially  in  excess  of  normal  serum  concentrations  produces  hypernatremia  and 
hypenonicity.  Although  moderate  hypertonicity  appears  to  be  well  tolerated  when  it 
develops  during  the  resuscitation  of  burned  patients  or  during  replacement  of  perioperative 
fluid  losses  with  hypertonic  solutions  (19,27),  unanswered  questions  remain  regarding 
presumably  rare,  but  potentially  lethal,  complications  of  rapid  increases  in  serum  sodium 
concentration,  such  as  subdural  hemorrhage  or  central  pontine  myeiinolysis  (20,12,21). 

We  performed  a  study  to  determine  whether  rapid  resuscitation  with  a  highly 
concentrated  solution  of  the  synthetic  colloid  hydroxyethyl  starch  (HES)  would  produce 
improvements  in  systemic  and  cerebral  hemodynamics  comparable  to  those  produced  by 


equal  volumes  of  7.2%  saline. 
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METHODS 

Twelve  mongrel  dogs  of  either  sex,  weighing  18-24  kg,  were  managed  according  to 
guidelines  established  by  the  institution’s  Animal  Care  and  Use  Committee. 

Anesthesia 

Following  an  overnight  fast,  dogs  were  anesthetized  with  intravenous  thiopental 
sodium  (8.0  mg-kg1),  paralyzed  with  pancuronium  (0.2  mg*kg_1),  endotracheally  intubated, 
then  anesthetized  with  halothane  0.5%  in  nitrous  oxide  and  oxygen  (60:40).  Animals  were 
ventilated,  using  an  Edco  Model  822  large  animal  ventilator  (Edco  Scientific,  Inc.,  Chapel 
Hill,  NC),  at  a  tidal  volume  of  15  ml* kg 1  and  a  rate  sufficient  to  maintain  PaC02  35-45  mm 
Hg.  Additional  pancuronium,  given  as  needed,  prevented  respiratory  movement. 

Hemodynamic  Monitoring 

Two  brachial  artery  catheters  were  placed,  the  right  for  continuous  monitoring  of 
systemic  arterial  blood  pressure  and  the  left  as  a  reference  organ  for  cerebral  blood  flow 
(CBF)  determinations  using  radioactive  microspheres.  A  7-Fr  pigtail  catheter  was  inserted 
into  the  left  ventricle  through  the  left  femoral  artery  for  injection  of  radioactive 
microspheres.  The  right  femoral  artery  was  cannulated  and  used  as  a  second  reference 
organ.  A  flow -directed,  pulmonary  artery  catheter  was  placed  percutaneously  via  the  right 
external  jugular  vein  for  cardiac  output  (CO),  pulmonary  artery  pressure  and  pulmonary 
artery  occlusion  pressure  (PAOP)  measurements.  Pressure  recording  utilized  a  Grass 
Model  79D  polygraph  (Grass  Instrument  Co.,  Quincy,  MA)  with  Gould  Statham  P23 
transducers  (Gould,  Inc.,  Oxnard,  CA).  Core  temperature,  monitored  continuously  using 
the  thermistor  on  the  pulmonary  artery  catheter,  was  maintained  using  a  37°C  heating  pad 
applied  to  the  trunk  and  extremities.  CO  w  as  measured  using  an  American  Edwards  9520A 
CO  computer  (American  Edwards,  Santa  Ana,  CA).  All  transducers  were  intermittently 
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zeroed  and  calibrated  at  the  level  of  the  left  atrium.  To  facilitate  rapid  hemorrhage,  all 
animals  underwent  splenectomy.  Animals  were  then  turned  to  the  prone,  "sphinx"  position 
and  the  occipital  musculature  dissected  from  the  underlying  bone.  The  superior  sagittal 
sinus  was  cannulated  using  a  3*Fr  double-lumen  02  saturation  catheter  (American  Edwa'ds 
Lab.,  Santa  Ana,  CA)  for  continuous  cerebral  venous  oxygen  02  saturation  and  sagittal  sinus 
pressure  monitoring  and  for  rapid  sampling  of  cerebral  venous  blood.  An  18-ga  catheter 
inserted  into  the  cisterna  magna  and  zeroed  at  the  level  of  the  external  auditory  meatus  (7 
cm  above  the  left  atrium)  provided  continuous  monitoring  of  ICP. 

Regional  Cerebral  Blood  Flow  Measurement 
Regional  cerebral  blood  flow  (rCBF)  was  measured  with  radioactive  microsphere', 
(15  /im),  using  the  organ  reference  sample  method  (17,8).  Radioactive  microspheres  were 
labelled  with  153Gd,  “Nb,  ,13Sn,  “Sr,  and  ^Sc.  Paired  reference  organ  blood  samples 
(ROBS)  were  withdrawn  simultaneously  from  the  right  femoral  and  left  brachial  arteries 
using  an  Edco  Model  843  Infusion-Withdrawal  Syringe  Pump  (Edco  Scientific,  Inc.,  Chapel 
Hill,  NC).  Prior  to  injection,  microspheres  were  vortexed  for  4  minutes  to  insure  adequate 
mixing.  Each  microsphere  dose  was  calculated  to  yield  greater  than  400  microspheres  per 
tissue  segment  and  a  minimum  of  15,000  counts  per  ROBS.  Injection  of  each  microsphere 
type  was  carried  out  over  a  15-second  period.  The  ROBS  were  taken  beginning  30  seconds 
prior  to  microsphere  Injection  and  continued  for  60  seconds  post-injection,  at  a  withdrawal 
rate  of  2.06  ml*mm\  Counts  per  minute  (CPM)  in  ROBS  pairs  differed  by  no  more  than 
5%.  After  sacrificing,  brains  were  sectioned  into  right  cerebral  hemisphere,  left  cerebral 
hemisphere,  and  brainstem,  and  counted  along  with  the  arterial  reference  samples  in  a  well- 
type  gamma  counter  (Auto-Gamma  5000,  Packard  Instruments,  Downers  Grove,  IL). 
Aliquots  of  microspheres  labelled  with  each  radionuclide  were  counted  along  with  the  blood 
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and  tissue  samples,  and  curve  stripping  to  correct  for  isotope  overlap  was  performed  using 
a  microcomputer  connected  to  the  gamma  counter. 

Experimental  Sequence 

The  experimental  sequence  is  summarized  in  Fig.  1.  After  instrumentation,  all 
animals  were  stabilized  for  30  minutes  and  baseline  (BL)  data  recorded.  Recorded  data 
consisted  of  rCBF,  ICP,  systolic  and  diastolic  arterial  pressures  (SAP  and  DAP),  CO, 
PAOP,  pulmonary  artery  systolic  and  diastolic  pressures  (PAS  and  PAD),  heart  rate,  body 
temperature,  arterial  and  cerebral  venous  pH,  PC02,  P02,  02  saturation,  hemoglobin 
concentration  (IL  282,  Instrumentation  Laboratory,  Lexington,  MA),  serum  osmolality 
(5500  vapor  pressure  osmometer,  Wescor,  Inc.,  Logan,  UT)  and  colloid  oncotic  pressure 
(4100  colloid  osmometer,  Wescor,  Inc.).  The  following  calculations  were  made: 

1.  mean  arterial  pressure  (MAP)  =  DAP  +  1/3  (SAP  >  DAP) 

2.  cerebral  perfusion  pressure  (CPP)  =  MAP  -  ICP 

3.  cerebral  metabolic  rate  for  oxygen  (CMR02)  =  CBF  /  100  x  cerebral  A- 
VD02 

4.  cerebrovascular  resistance  (CVR)  =  CPP/  CBF 

5.  CBF  was  derived  from  the  formula: 

CBF  =  C,  x  withdrawal  rate  x  100 

C,  x  wt 

where  C,  =  CPM  in  the  tissue  sample,  Cr  =  CPM  in  the  reference  sample 
and  wt  =  weight  of  the  tissue  sample. 

After  anticoagulation  with  heparin  (500  ILMcg'1  intravenously),  blood  was  rapidly 
withdrawn  through  the  right  brachial  artery  catheter  to  reduce  MAP  to  45  mm  Hg;  MAP 
was  maintained  at  that  level  for  30  minutes  by  removing  or  reinfusing  shed  blood. 
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The  second  set  of  cerebral  and  hemodynamic  data  was  obtained  at  the  mid-shock 
time  interval,  designated  as  T15,  indicating  the  number  of  minutes  from  the  onset  of  shock. 
Following  the  shock  interval,  animals  were  randomized  to  one  of  two  fluid  groups,  based 
upon  the  type  of  resuscitation  fluid:  Group  HS  received  6.0  ml^kg'1  of  7.2%  saline  (1232 
mEq-L1  Na*),  and  group  HES  received  6.0  ml-kg’1  of  20%  hydroxyethyl  starch  dissolved 
in  0.8%  saline  (137  mEq^L1  Na‘).  Additional  data  were  collected  immediately  after  fluid 
infusion  (T35)  and  thereafter  at  hourly  intervals  for  two  hours  (T95,  T155). 

Statistical  Analysis 

All  statistical  analyses  were  performed  using  SAS  (SAS  Institute,  Cary,  NC).  The 
Kruskal- Wallis  test  confirmed  similarity  at  baseline  and  during  shock.  A  multivariate 
repeated  measures  of  analysis  of  variance  (ANOVA)  was  performed  to  determine  if 
interactions  between  groups  and  time  existed  at  subsequent  post-resuscitation  intervals  (2). 
Interactions  were  analyzed  further  with  the  Holm’s  sequentially  rejective  multiple  test 
procedure  using  a  significance  level  of  0.05  (9).  To  assess  time  and  group  differences  when 
an  interaction  was  not  present,  a  multivariate  repeated  measures  of  ANOVA  and  an 
analysis  of  covariance  were  performed  on  the  dependent  variables.  Statistically  significant 
group  effects  were  further  evaluated  using  Holm’s  sequentially  rejective  multiple  test 
procedure. 
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RESULTS 
Systemic  Variables 

All  values  in  the  text,  tables,  and  figures  are  expressed  as  means  ±  SEM. 

Mean  Arterial  Pressure 

Shed  blood  volume  was  similar  in  the  two  groups  (Table  I).  Baseline  MAP  in  the 
two  experimental  fluid  groups  was  comparable,  then  was  maintained  experimentally  near 
45  mm  Hg  for  30  minutes  prior  to  fluid  resuscitation  (Figure  2A).  Immediately  following 
acute  fluid  resuscitation  (T35),  MAP  increased  similarly  in  the  HS  and  HES  groups,  to  82 
±  3.8  (mean  ±  SEM)  and  78  ±  3.5  mm  Hg,  respectively.  At  T95  (one  hour  post¬ 
resuscitation),  MAP  continued  to  increase  in  the  HES  group  to  97  ±  1.8  mm  Hg.  There 
were  no  statistically  signiflcant  differences  in  MAP. 

Cardiac  Output 

Baseline  CO  was  similar  (3.2  ±  0.4  L-min'1  in  HS  and  3.9  ±  0.2  L-min'1  in  HES) 
(Figure  2B).  Hemorrhage  significantly  decreased  CO  to  approximately  50%  of  baseline  in 
both  groups.  Following  resuscitation,  CO  approached  baseline  levels  in  both  groups.  CO 
then  decreased  rapidly  in  the  HS  group;  CO  in  the  HES  group  remained  similar  to  the  T35 
level  for  the  duration  of  the  experimental  period  (/?  <  0.05  between  groups  at  T95). 

Other  Systemic  Variables 

PaC02,  Hgb,  Pa02,  pH,  blood  temperature,  and  PAOP  were  similar  at  all  intervals 
(Table  II).  Serum  osmolality  was  greatest  at  T155  in  the  HS  group  compared  to  HES. 
Colloid  oncotic  pressure  (as  %  of  baseline)  increased  significantly  following  resuscitation 
in  the  HES  group  compared  to  HS  (p<0.05)  (Table  III). 
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Cerebral  Hemodynamics 

Intracranial  Pressure 

Prior  to  initiation  of  shock,  there  were  no  differences  in  ICP  (7.2  ±  2.0  and  4.6  ±  1.9 
mm  Hg  in  the  HS  and  HES  groups,  respectively)  (Figure  3A).  Resuscitation  (T35) 
increased  ICP  slightly  in  both  groups.  Throughout  the  post-resuscitation  period,  ICP  in 
both  the  HS  and  HES  groups  remained  below  baseline  without  significant  difference. 

Cerebral  Perfusion  Pressure 

Cerebral  perfusion  pressure  (CPP)  (Figure  3B)  followed  the  same  general  pattern 
as  MAP.  CPP  was  not  restored  to  baseline  by  either  fluid  following  resuscitation.  CPP 
continued  to  increase  following  resuscitation  in  the  HES  group,  reaching  a  maximum  at 
T95.  No  differences  in  CPP  were  detected  between  groups  at  any  time  period. 

Regional  Cerebral  Blood  Flow 

Regional  cerebral  blood  flow  (rCBF)  was  similar  between  right  and  left  cerebral 
hemispheres  and  brainstem  in  both  groups  at  baseline  (Figure  4).  Induction  of  hemorrhage 
resulted  in  only  small  (-20%)  reductions  in  rCBF  compared  to  baseline  (p  =  NS).  Fluid 
resuscitation  increased  rCBF  transiently  in  the  HS  group,  exceeding  baseline  (p  =  NS). 
Regional  CBF  in  both  groups  after  T35  was  similar  throughout  the  remainder  of  the 
experiment.  Because  arterial  content  (Ca02)  declined  as  Hgb  declined  (Table  II),  cerebral 
oxygen  transport  (CBF  x  Ca02)  remained  below  baseline  values  after  resuscitation  in  both 
groups  (Table  IV).  CMR02  did  not  change  significantly  over  the  course  of  the  study;  in 
general,  declines  in  CBF  were  balanced  by  increases  in  cerebral  A-VD02. 
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DISCUSSION 

These  data  demonstrate  that  hyperoncotic  20%  HES  and  hypertonic  7.2%  saline 
produce  comparable  systemic  hemodynamic  and  cerebral  hemodynamic  improvement  when 
administered  in  equal  volumes,  approximating  15%  of  shed  blood  volume,  following 
hemorrhagic  shock.  Although  most  variables  remained  similar  throughout  the  two  hours 
following  resuscitation,  CO  declined  more  rapidly  in  animals  that  received  HS.  Presumably, 
continued  movement  of  interstitial  fluid  into  the  plasma  volume  along  an  oncotic  pressure 
gradient  explains  the  more  persistent  effects  of  the  hyperoncotic  solution.  If  these  data  can 
be  confirmed  in  additional  animal  studies  and  in  clinical  trials,  highly  concentrated  colloid 
solutions  may  prove  as  practical  as  hypertonic  solutions  for  the  initial  resuscitation  and 
stabilization  of  victims  of  trauma,  including  those  with  intracranial  injuries. 

Interest  in  the  applicability  of  small-volume  resuscitation  for  trauma  patients  was 
stimulated  by  studies  performed  by  Velasco  and  colleagues  in  the  early  1980’s.  They  first 
demonstrated  that  dogs  subjected  to  a  hemorrhage  equal  to  approximately  one-half 
estimated  blood  volume  could  be  effectively  resuscitated  using  7i%  saline  in  a  dose  of 
4.0  ml»kg'\  a  volume  that  was  only  about  one  tenth  of  the  initial  shed  blood  volume  (32). 
They  subsequently  demonstrated  that  hypertonic  saline  improved  systemic  hemodynamics 
only  if  a  vagally  mediated  reflex  arc  were  intact  (13).  Subsequent  investigators 
demonstrated  that  hypertonic  resuscitation  fluid  might  be  particularly  appropriate  if 
hemorrhage  accompanied  head  injury,  because  hypertonic  saline  produced  lower  post¬ 
resuscitation  ICP  than  did  conventional  crystalloid  solutions  (25,7,24,6,5).  Colloid- 
containing  solutions  also  were  associated  with  lower  ICP  following  resuscitation  than 
conventional  crystalloid  solutions,  although  the  advantage  over  conventional  fluids  was  less 
prominent  and  consistent  than  the  advantages  of  hypertonic  solutions  (7,6,5,22,23). 
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However,  hypertonic  solutions  carry  several  major  liabilities  in  comparison  to 
resuscitation  with  either  crystalloid  or  colloid  solutions.  First,  the  systemic  effects  of  acute 
administration  of  hypertonic  solutions  on  CO  tend  to  be  transient  (25,28,15).  The  present 
data  confirm  those  previous  observations.  Although  MAP  remained  reasonably  stable  in 
the  HS  group  from  T35  to  T155,  CO  declined  precipitously  from  T35  to  T95.  In  contrast, 
concentrated  HES  maintained  stable  levels  of  CO  throughout  the  post-resuscitation  interval. 
Numerous  investigators  have  attempted  to  increase  the  duration  of  the  desirable 
hemodynamic  effects  of  hypertonic  solutions  by  adding  colloid  (11,28,15,33).  However, 
previous  studies  have  not  defined  a  concentration  of  colloid  alone  that  produced 
comparable  early  hemodynamic  effects. 

One  consequence  of  hemorrhage  followed  by  resuscitation  without  red  blood  cells 
is  the  production  of  post-resuscitation  hemodilution.  Changes  in  Hgb,  serum  osmolality, 
and  colloid  oncotic  pressure  depend  upon  the  type  of  fluid  infused.  The  cerebral  effects 
of  hemodilution  and  of  changes  in  osmolality  and  oncotic  pressure  have  been  extensively 
investigated  in  animals  that  have  not  been  subjected  to  hemorrhagic  shock.  Tommasino 
and  colleagues  isovolemically  hemodiluted  anesthetized  rabbits  with  lactated  Ringer’s 
solution  to  reduce  hematocrit  from  approximately  40%  to  19%  (30).  Following  initial 
hemodilution,  sufficient  additional  fluid  was  given  to  maintain  stable  arterial  blood  pressure 
and  central  venous  pressure.  Lactated  Ringer’s  solution,  which  is  slightly  hypotonic  relative 
to  plasma,  produced  early  increases  in  ICP  and  brain  water  that  rapidly  resolved.  Six 
percent  HES  did  not  alter  ICP  or  brain  water.  Hemodilution  with  either  fluid  was 
associated  with  an  increase  in  CBF  of  approximately  50%.  Todd  and  colleagues  induced 
acute  isovolemic  hemodilution  using  a  hypertonic  solution  (Na*  252  mEq*!'1)  and  compared 
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it  to  0.9%  NaCl  after  reduction  of  hematocrit  from  40  to  20%  (29).  Both  solutions 
produced  comparable  dilution-related  increases  of  at  least  50%  in  CBF. 

However,  hemodilution  following  shock  appears  to  exert  different  cerebrovascular 
effects  than  isovolemic  hemodilution  occurring  without  intervening  shock.  In  most  studies, 
hemodilutional  resuscitation  fails  to  improve  CBF  sufficiently  to  offset  the  decline  in  CaC2 
produced  by  a  reduction  in  hemoglobin  (25,22,23).  During  resuscitation  following  a  30- 
minute  shock  interval  in  dogs,  Prough  and  colleagues  reduced  hemoglobin  from  13.1  ±  0.6 
to  7.0  ±  0.6  gedl'1  with  lactated  Ringer’s  solution  and  from  13.5  ±  0.4  to  8.4  ±  0.4  gedl’1 
with  7.5%  saline  and  found  no  increase  in  CBF  above  shock  values  (25).  CBF  similarly 
failed  to  increase  following  hemodilutional  resuscitation  with  6.0%  hydroxyethyl  starch  in 
animals  both  with  and  without  intracranial  mass  lesions  (22,23).  Emerson  and  colleagues 
induced  hemorrhagic  shock  of  three  hours  duration  in  pentobarbital-anesthetized  dogs  (3). 
Resuscitation  with  shed  blood  alone  failed  to  restore  CBF  to  baseline  values. 
Cerebrovascular  resistance  actually  increased  during  resuscitation.  Infusion  of  dextran  after 
three  hours  of  hemorrhagic  hypotension  restored  CBF  nearly  to  baseline  but  failed  to 
increase  CBF  as  would  be  expected  as  a  consequence  of  hemodilution  (3).  Gunnar  and 
colleagues  (6)  also  restored  CBF  to  baseline  by  returning  50%  of  shed  blood,  then  infusing 
low  molecular  weight  dextran,  3.0%  saline,  or  0.9%  saline  in  a  volume  equal  to  shed  blood 
volume,  after  which  they  continued  a  rapid  infusion  of  0.9%  saline.  Although  CBF  returned 
to  baseline,  Hgb  and  CaO^  which  presumably  declined  as  a  consequence  of  hemodilution, 
were  not  reported. 

The  slight  decline  in  CBF  produced  by  a  MAP  of  45  mm  Hg  in  this  study  is 
consistent  with  that  produced  by  hemorrhagic  hypotension  in  baboons  (4),  cats  (14),  and 
dogs  (25,1).  Although  restorati* ..  of  MAP  in  the  presence  of  intact  autoregulation  should 
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restore  CBF,  shocked  animals  may  also  require  more  aggressive  expansion  of  intravascular 
volume  to  increase  CBF.  Following  more  aggressive  volume  administration,  CBF  may 
exceed  baseline  (4,18).  After  two  hours  of  hemorrhagic  shock  in  baboons,  McNamara  and 
colleagues  returned  shed  blood,  then  infused  additional  lactated  Ringer’s  solution  as 
necessary  to  restore  either  baseline  left  atrial  pressure  or  baseline  MAP  (18).  Using  either 
regimen,  they  were  able  to  increase  CBF  to  values  exceeding  baseline.  However,  they  did 
not  report  hemoglobin  or  hematocrit  values  in  those  animals. 

In  the  present  study,  immediately  following  resuscitation,  CBF  increased  only  to 
baseline  values  in  the  HES  group.  Although  the  HS  group  demonstrated  an  increase  in 
CBF  sufficient  to  offset  partially  the  reduction  in  hemoglobin,  the  increase  in  CBF,  like 
the  increase  in  CO,  was  transient.  Although,  by  definition,  these  animals  were  not 
normovolemic  following  small-volume  resuscitation,  MAP  throughout  the  post-resuscitation 
interval  was  well  in  excess  of  the  experimental  autoregulatory  threshold  for  dogs  (1). 

One  possible  mechanism  explaining  the  difference  between  hemodilution  following 
shock  and  isovolemic  hemodilution  without  antecedent  shock  is  the  magnitude  of 
sympathetic  stimulation.  Fitch  and  colleagues  demonstrated  that  alpha  blockade,  an 
intervention  that  does  not  alter  resting  CBF,  increases  CBF  in  hypotensive  animals  (4). 
Perhaps  the  greater  volume  expansion  produced  by  McNamara  and  colleagues  or  Gunnar 
and  colleagues  (6)  reduced  the  level  of  circulating  catecholamines. 

The  effects  of  Quid  administration,  with  or  without  brain  injury,  on  brain  water  and 
ICP  have  been  studied  experimentally.  Zomow  and  colleagues  used  hollow-fiber 
plasmapheresis  to  acutely  alter  plasma  osmolality  or  colloid  oncotic  pressure  in  rabbits 
and  demonstrated  that  acute  reductions  of  13  ±  6  mOsimkg1  in  plasma  osmolality 
significantly  increased  cortical  water  content,  but  that  a  65%  reduction  in  oncotic  pressure 
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from  20  t  2  mm  Hg  to  7  ±  1  mm  Hg  produced  no  change  (36).  Acute  hypo-osmolality  also 
increased  ICP  significantly.  Todd  and  colleagues  demonstrated  that  isovolemic 
hemodilution  with  hypertonic  salt  solutions  reduced  both  ICP  and  brain  water  in 
comparison  to  0.9%  saline  (29).  Zornow  and  colleagues  induced  isovolemic  hemodilution 
with  0.9%  saline,  6.0%  HES,  and  5.0%  albumin  in  rabbits  that  bad  received  a  cryogenic 
brain  lesion  and  demonstrated  that  the  cryogenic  lesion  increased  ICP  and  brain  water  but 
that  these  effects  were  independent  of  the  type  of  Quid  infused  (35).  Kaieda  and  colleagues 
performed  plasmapheresis  in  rabbits  to  produce  sustained  reductions  in  colloid  oncotic 
pressure  following  cryogenic  brain  injury  (10).  There  were  no  significant  differences  in  ICP 
or  brain  water  despite  8  hours  of  reduced  oncotic  pressure.  Warner  and  Boehland 
measured  the  effects  on  brain  water  of  infusion  of  blood  or  isovolemic  hemodilution  with 
0.9%  NaCl  or  6.0%  HES  following  10  minutes  of  near-complete  forebrain  ischemia  (34)  in 
rats.  The  ischemic  insult  was  followed  by  increases  in  brain  water  regardless  of  the  Quid 
that  was  infused.  In  a  single  brain  region,  the  caudoputamen,  HES  was  associated  with 
increased  water  content  at  24  hours  after  ischemia  (34). 

In  the  present  study,  the  effects  on  ICP  of  Quid  resuscitation  following  shock  (rather 
than  isovolemic  hemodilution  without  shock)  are  consistent  with  those  in  other  studies  of 
shock  and  resuscitation.  Prough  and  colleagues  administered  6.0  ml^kg'1  of  7.5%  saline  to 
dogs  after  30  minutes  after  hemorrhagic  shock  and  noted  that  ICP  remained  low  in  those 
animals  that  received  hypertonic  saline  in  comparison  to  laclated  Ringer’s  solution  (25). 
In  dogs  with  and  without  intracranial  mass  lesions,  20  m!«kg'’  of  6.0%  HES  produced  lower 
ICP  post-resuscitation  than  did  lactated  Ringer’s  solution  (22,23).  Gunnar  and  colleagues 
induced  hemorrhagic  shock  in  barbiturate-anesthetized  dogs  to  a  MAP  of  approximately  40 
mm  Hg  for  1  hour.  At  the  end  of  the  shock  interval,  50%  of  the  shed  blood  (approximately 
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20%  of  estimated  blood  volume)  was  transfused  over  15  minutes  followed  by  a  volume 
equal  to  shed  blood  volume  of  0.9%  saline,  3.0%  hypertonic  saline,  or  10%  low  molecular 
weight  dextran  in  0.9%  saline.  All  animals  were  then  given  1500  ml  of  additional  0.9% 
saiine  over  the  following  75  minutes  (7,6,5).  MAP  and  CO  were  similarly  restored  by  all 
three  fluid  resuscitation  regimens.  The  animals  that  received  dextran  had  higher  right  atrial 
and  pulmonary  artery  occlusion  pressures.  ICP  was  lowest  in  the  animals  that  had  received 
hypertonic  saline  and  remained  lowest  throughout  most  of  the  resuscitation  interval.  In  the 
two  groups  of  animals  that  had  received  0.9%  saline  or  dextran,  ICP  was  equal  (7,6,5). 
Because  of  the  complexity  of  the  fluid  resuscitation  regimen  in  that  study,  it  is  difficult  to 
directly  compare  it  with  the  single  bolus  of  fluid  employed  in  the  present  study.  However, 
the  animals  in  the  earlier  study  would  certainly  have  had  a  higher  blood  volume  throughout 
the  post-resuscitation  interval  than  the  animals  reported  here.  More  importantly,  the 
higher  right  atrial  pressure  in  the  group  that  received  dextran  would  tend  to  increase 
volume  in  the  cerebral  capacitance  vessels  and  thereby  potentially  increase  ICP. 

Based  upon  the  data  presented  here,  we  conclude  that  highly  concentrated  HES 
solutions  may  represent  an  appropriate  alternative  to  hypertonic  saline  for  acute,  small- 
volume  resuscitation  of  civilian  and  military  casualties.  These  data  should  be  interpreted 
with  caution  because  these  animals  had  no  experimental  intracranial  pathology.  Further 
studies  are  necessary  to  define  the  effects  of  highly  concentrated  colloid  solutions  and 
hypertonic  solutions  in  animals  with  intracranial  pathology. 
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Table  I.  Comparison  of  Weight,  Shed  Blood  Volume,  and  Resuscitation  Volume 

(means  ±  SEM) 


Group 

N 

Body  Weight 
(kg) 

Shed  Blood  Volume 
(mUkg'1) 

Resuscitation  Volume 
(ml.kg1) 

HS 

6 

20+1.6 

35±3.7 

6.0 

HES 

6 

22±0.7 

32±4.7 

6.0 

Table  II.  Major  Systemic  Variables  (Means  ±  SEM) 


Variable 

Group 

BL 

T15 

Time  Interval 
T35 

1 

T95 

T155 

PaCOj 

HES 

40.9+03 

40.6+0.4 

41.3±0.4 

39.9±1.0 

40.7±0.5 

(mm  Hg) 

HS 

39.5+0.6 

40.2+1.7 

40.4+0.9 

41.8+2.4 

38.9±0.5 

Hgb 

HES 

12.9+0.9 

10.8±0.8 

8.6+0.7 

9.1+0.6 

9.5±0.8 

(g*dO 

HS 

13.8+1.0 

11.3+1.0 

8.4+0.7 

in  7+0.7 

10.2±13 

?^02 

HES 

170+13 

154+11 

167tl4 

176+12 

183±13 

(mm  Hg) 

HS 

191+13 

188±9 

197±9 

176+5 

183+14 

PH 

HES 

7.4+0.0 

73+0.0 

7.3i0.0 

73+0.0 

73±0.0 

HS 

7.4±0.0 

73+0.0 

7.2±0.0 

7.2t0.0 

7.2+0.0 

Temp 

HES 

37.5t0.2 

38.0+0.2 

37.9+0.2 

37.9+0.4 

38.3±0.4 

CQ 

HS 

37.4*0.4 

38.1+0.4 

37.8±0.2 

383+0.5 

38.9±0.4 

PAOP 

HES 

5.4+ 1.4 

13+0.5 

0.9+13 

2.1+0.8 

3.0+13 

(mm  Ha) 

HS 

3  8+2  1 

01+1  2 

3. 1+1.7 

3. 1+0.6 

2.4+0.7 

PaCOj  =  partial  pressure  of  carbon  dioxide  in  arterial  blood;  Hgb  =  hemoglobin;  Pa02  =  partial  pressure  of 
oxygen  m  arterial  blood,  Temp  =  blood  temperature  measured  using  the  thermistor  on  the  pulmonary  arten 
catheter;  PAOP  =  pulmonary  artery  occlusion  ("wedge")  pressure 


Table  III.  Serum  Osmolality  and  Colloid  Oncotic  Pressure  (Means  t  SEM) 
Variable  Group  Time  Interval 

_ BL  T155 


Serum  Osmoiality 
(mOsmeL1) 

HS 

292±12 

324±4 

HES 

291±8 

307±6 

Colloid  Oncotic 

HS 

100±0 

70±4 

Pressure  (%  baseline) 

HES 

100±0 

no±r 

*/><0.05  HES  vs  HS. 
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Table  IV.  Cerebral  Hemodynamic  Variables  (Means  ±  SEM) 


Variable 

Group 

Time  Interval 

BL 

T15 

T35 

T95 

T155 

co2t 

HES 

10.9±1.1 

7.1±0.4 

7.2±0.5 

6.7+0.4 

5.9+0.8 

(rr.MOOg'^min'1) 

HS 

10.6+1.2 

6.9±0.8 

9.9±1.8 

7.8±1.0 

6.7+ 1.0 

cmro2 

HES 

3.5±0.4 

3.5±0.2 

3.3+0.4 

3.3±0.2 

3.0+02 

(mlolOOg'omin1) 

HS 

2.8+0.4 

3.2±0.4 

3.5±0.6 

3.4+0.4 

33±0 3 

Cerebral 

HES 

5.5t0.2 

7.2±0.7 

5.5±0.6 

6.2±0.4 

7.4+0.9 

a-vdo2 

(ml*  100ml'1) 

HS 

5.3±0.9 

7.6±1.2 

4.2±0.4 

6.7±0.9 

7.4+0.9 

C02T  =  cerebral  oxygen  delivery  (CBF  x  Ca02);  CMR02  =  cerebral  metabolic  oxygen 
consumption  (cerebral  blood  flow  x  arterial  oxygen  content;  Cerebral  A-VD02  =  difference 

in  oxygen  content  between  arterial  and  sagittal  sinus  blood 
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FIGURE  LEGENDS 

Figure  1.  Experimental  sequence. 

Figure  2.  Response  of  mean  arterial  pressure  (A)  and  cardiac  output  (B)  following 
resuscitation  from  hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS)  or 
20%  hydroxyethyl  starch  (HES). 

Figure  3.  Response  of  intracranial  pressure  (A)  and  cerebral  perfusion  pressure  (B) 
following  resuscitation  from  hemorrhagic  shock  with  hypertonic  12%  saline 
(HS)  or  20%  hydroxyethyl  starch  (HES). 

Figure  4.  Response  of  cerebral  blood  flow  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS)  or  20%  hydroxyethyl  starch  (HES). 
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ABSTRACT 

Global  cerebral  ischemia  and  head  trauma  are  associated  with  the  production  and 
release  of  thromboxane  A^  (TxAj)  metabolites  within  brain  tissue  and  into  the  cerebral 
venous  circulation.  The  effects  of  reduced  cerebral  perfusion  pressures  produced  by 
hemorrhage  alone  or  in  combination  with  intracranial  hypertension  on  TxAj,  production 
have  not  been  reported.  In  this  study,  38  anesthetized,  mongrel  dogs  were  subjected  to 
30  minutes  of  hemorrhagic  shock  with  normal  (Group  I)  or  elevated  (Group  II)  intracranial 
pressure  (ICP).  Cerebral  and  systemic  hemodynamics  including  cerebral  blood  flow  (CBF) 
(sagittal  sinus  outflow  method);  ICP;  cerebral  perfusion  pressure  (CPP);  and  arterial  and 
cerebral  venous  concentrations  of  TxB2,  the  major  metabolite  of  TxA^  were  measured. 
Following  the  placement  of  arterial,  pulmonary  artery  and  cistema  magna  catheters  and 
cannulation  of  the  sagittal  sinus  for  sampling  cerebral  venous  blood  flow  for  TxB2  levels 
(double-antibody  radioimmunoassay  technique),  Group  I  animals  (n  =  22)  were  hemorrhaged 
to  reduce  CPP  to  40  mm  Hg  for  30  minutes.  In  Group  II,  (n= 16)  CPP  was  reduced  by  the 
combination  of  less  severe  hypotension  and  intracranial  hypertension  (20  mm  Hg).  Data 
were  obtained  at  baseline  (BL)  and  at  the  beginning  and  end  of  the  30-minute  shock 
period,  designated  TO  and  T30,  respectively.  Hemorrhagic  shock  significantly  decreased 
CBF  in  both  groups  (p<0.05).  At  TO,  CBF  was  higher  in  Group  I  than  Group  II  (p<0.05). 
At  TO,  venoarterial  differences  in  TxB2  increased  significantly  in  Group  II  (p<0.03)  but  not 
in  Group  I.  At  T30,  venoarterial  levels  of  TxB2  remained  significantly  higher  in  Group  II 
(p<0.05).  Increased  cerebral  production  of  TxAj  during  hypotension  accompanied  by 
intracranial  hypertension  may  contribute  to  the  severity  of  neural  damage  produced  by  the 
combination  of  head  trauma  and  shock. 
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INTRODUCTION 

Hemorrhage  from  skeletal,  abdominal,  and  thoracic  injuries  commonly  occurs  in 
combination  with  head  injury  in  multiple-trauma  patients  (1).  The  combination  of 
hypotension  and  head  injury  is  associated  with  an  increase  in  mortality  and  morbidity  over 
that  produced  by  head  injury  alone  (2,3).  The  early  stress  responses  to  both  trauma  and 
severe  hemorrhage  are  characterized  by  a  prominent  increase  in  sympathetic  neural  activity 
(4,5),  accompanied  by  increased  heart  rate  and  myocardial  contractility.  The  duration  and 
magnitude  of  these  cardiovascular  alterations  depend  upon  multiple  systemic  and  local 
factors,  including  central  and  peripheral  metabolic,  circulatory,  and  neurohumoral  changes. 

Hemorrhagic  hypotension  and  intracranial  hypertension,  which  commonly  accompany 
acute  head  injury,  may  decrease  cerebral  blood  flow  (CBF)  (6-8).  Increased  intracra  iial 
pressure  (ICP),  due  either  to  cerebral  edema  or  to  expansion  of  an  intracranial  mass  lesion, 
may  compress  brain  tissue,  shifting  brain  away  from  an  expanding  lesion  and  generating 
regional  cerebral  ischemia  in  areas  that  are  subjected  to  sufficient  increases  in  tissue 
hydrostatic  pressure.  Increases  in  tissue  pressure  inhibit  blood  flow  through  the  smaller, 
pressure -sensitive,  arteriolar  microcirculation  (9).  Herniation  of  brainstem  or  other  central 
nervous  system  structures  due  to  increased  intracranial  pressure  also  produce  cerebral 
ischemia. 

Regardless  of  etiology,  cerebral  isch  ;mia  stimulates  the  synthesis,  activation,  and 
release  of  potent  vasoactive  and  immunologically  active  substances  (10-13).  Complete 
global  cerebral  ischemia  causes  marked  release  into  the  cerebral  venous  circulation  of 
thromboxane  B2  (TxB2)  (14),  the  major  metabolite  of  thromboxane  (TxAj),  an 
endogenous  eicosanoid  with  potent  platelet  aggregatory  and  vasoconstrictive  properties 
(14,15).  This  increase  in  cerebral  venous  TxB2,  which  persists  for  at  least  two  hours  after 
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reperfusion,  is  temporally  associated  with  cerebral  hypoperfusion  (14).  Pretreatment  with 
the  cyclo-oxygenase  inhibitor  ibuprofen  decreases  cerebral  venous  TxB:  levels  and  improves 
total  CBF  after  global  cerebral  ischemia  (15).  Therefore,  TxA>  appears  to  be  an  active 
mediator  of  pathological  changes  observed  in  ischemic  neural  injury.  Studies  of  traumatic 
and  ischemic  cerebral  injury  in  cats  (16),  rats  (17),  piglets  (13),  humans  (18),  and  dogs 
(14,15)  demonstrate  increased  eicosanoid  levels  in  brain  tissue  (17),  cerebrospinal  fluid  (18), 
and  cerebral  venous  effluent  (14,15). 

The  present  study  was  designed  to  compare  the  effects  of  hemorrhagic  hypotension 
alone,  and  hemorrhage  accompanied  by  intracranial  hypertension,  on  cerebral  vascular 
and  systemic  hemodynamic  parameters  and  on  cerebral  generation  of  TxB2. 
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MATERIALS  AND  METHODS 

Animals  used  in  this  study  were  handled  according  to  the  guidelines  established  by 
the  institutional  Animal  Care  and  Use  Committee.  Thirty-eight  mongrel  dogs  of  either  sex, 
weighing  18-22  kg,  were  randomly  divided  into  two  groups.  Due  to  greater  surgical 
mortality  in  Group  U,  unequal  numbers  of  animals  completed  the  protocol.  Group  I  (n 
=  22)  was  subjected  to  hemorrhage  alone,  while  Group  II  (n  =  16)  was  subjected  to 
hemorrhage  and  expansion  of  a  subdural  mass  lesion  (detailed  below).  All  dogs  were 
fasted  overnight,  then  anesthetized  with  thiopental  sodium  8.0  mg*kg‘1  iv,  paralyzed  with 
succinylcboline  4.0  mgakg'1  iv,  endotracheally  intubated,  maintained  anesthetized  with  0.5% 
balothane  in  nitrous  oxide:  oxygen  (60:40),  and  ventilated  using  an  Edco  model  822  Large 
Animal  Ventilator  (Edco  Scientific,  Inc.,  Chapel  Hill,  NC)  at  a  tidal  volume  of 
15.0  mlekg1  and  a  rate  sufficient  to  maintain  normocarbia  (PaCOz  35-45  mm  Hg). 
Additional  succinylcholine  given  as  needed,  prevented  respiratory  movement. 
HEMODYNAMIC  MEASUREMENTS 

Bilateral  femoral  artery  catheters  were  inserted  via  cutdown  for  monitoring  of 
arterial  blood  pressure  and  for  induction  of  rapid  hemorrhage.  A  flow-directed,  pulmonary 
artery  catheter  was  placed  percutaneously  via  the  right  external  jugular  vein.  Systemic  and 
pulmonary  pressures  were  recorded  continuously  on  a  Grass  79-D  polygraph  (Grass 
Instruments,  Quincy,  MA)  with  saline-filled  Gould  Statham  P-23D  transducers  (Gould  Inc., 
Oxnard,  CA).  Pulmonary  artery  occlusion  pressure  (PAOP)  was  recorded  intermittently 
throughout  the  experimental  period.  Cardiac  output  (CO)  was  measured  using  an  American 
Edwards  Sat-1  cardiac  output  computer  (Baxter  Edwards  Corp.,  Santa  .Ana,  CA).  All 
transducers  were  calibrated  with  the  zero  level  established  at  the  left  atrium  prior  to  all 
hemodynamic  measurements  except  for  ICP,  which  was  zeroed  at  the  level  of  the  external 
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auditory  canal  (7  cm  above  left  atrial  level).  Body  temperature  was  monitored  by  a 
thermistor  on  the  tip  of  the  pulmonary  artery  catheter,  and  temperature  was  maintained 
with  the  use  of  a  heating  pad. 

CEREBRAL.  BLOOD  FLOW  MEASUREMENT 

Following  placement  of  indwelling  catheters,  animals  were  placed  in  the  left  lateral 
decuoitus  position  and  a  splenectomy  performed.  Animals  were  then  turned  to  the  "sphinx" 
position  and  the  temporalis  and  occipital  musculature  was  dissected  from  the  underlying 
bone  prior  to  systemic  heparinization  (500  IU^kg'1).  CBF  was  measured  directly  in 
mimin'1  using  a  modification  of  the  technique  originally  described  by  Rapela  and  Green 
(19),  in  which  the  confluence  of  the  lateral  and  sagittal  sinuses  was  cannulated  and  timed 
samples  of  cerebral  venous  outflow  were  collected,  measured  and  reinfused.  An  18-ga 
catheter  inserted  into  the  cistema  magna  provided  continuous  ICP  measurements.  In  the 
group  to  be  subjected  to  intracranial  hypertension,  the  dura  was  incised  through  a  right 
temporo-parietal  burr  hole,  and  the  balloon  tip  of  a  7-Fr  Foley  catheter  was  inserted 
subdurally. 

After  instrumentation  and  surgical  preparation,  animals  were  allowed  to  stabilize 
for  30  minutes,  at  which  time  baseline  (BL)  data  were  recorded.  In  Group  II,  immediately 
following  baseline  measurements,  ICP  was  increased  to  20  mm  Hg  by  inflation  of  the 
subdural  balloon  with  saline;  ICP  was  maintained  at  20  mm  Hg  with  further  inflation  as 
necessary  throughout  the  shock  period.  In  both  Groups  I  and  II,  arterial  blood  was  rapidly 
removed  via  an  arterial  cannula  to  reduce  cerebral  perfusion  pressure  (CPP)  and  to 
maintain  CPP  at  a  fixed  level  for  30  minutes  by  removing  or  reinfusing  blood.  Data  were 
collected  at  the  beginning  of  shock  (designated  TO)  and  at  the  end  of  the  30-minute  shock 
period  (designated  T30). 
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DATA  COLLECTED 

The  following  data  were  collected  at  BL,  TO,  and  T30:  CBF,  ICP,  systolic  and 
diastolic  blood  pressures  (SAP  and  DAP,  respectively),  CO,  pulmonary  artery  systolic  and 
diastolic  pressures  (PAS  and  PAD),  pulmonary  artery  occlusion  pressure  (PAOP),  central 
venous  pressure  (CVP),  and  arterial  and  cerebral  venous  pH,  PaC02,  Pa02,  and  hemoglobin 
(Hgb).  Mean  arterial  pressure  (MAP)  and  CPP  were  calculated  from  the  equations: 
MAP  =  DAP  +  1/3  (SAP  -  DAP)  Eq.  1 

CPP  =  MAP  -  ICP  Eq.  2 

RADIOIMMUNOASSAY  TECHNIQUES 

Simultaneous  blood  samples  were  collected  from  the  systemic  arterial  catheter  and 
the  sagittal  sinus  outflow  cannula  for  the  measurement  of  TxB2  at  BL,  TO,  and  T30.  Prior 
to  each  blood  sample,  catheter  dead*space  volume  was  discarded  (1-2  ml).  Simultaneous 
4.0  ml  blood  samples  were  withdrawn  from  the  systemic  arterial  and  sagittal  sinus  cannulae 
into  sterile  disposable  syringes  and  immediately  transferred  to  blood  collection  tubes 
containing  0.5%  EDTA  and  indomethacin  (25  mcg^ml'1  whole  blood)  and  maintained  on 
ice  until  centrifuged  at  1500  x  G  at  4°C  for  15  minutes.  The  plasma  was  bulb-aspirated, 
avoiding  the  white  cell  buffy  coat  layer,  and  placed  into  3.5  ml  polypropylene  test  tubes 
(Sarstedt,  Inc.,  Rahway,  NJ).  All  tubes  were  labeled  and  stored  (-70°C)  prior  to  analysis. 
Immunoreactive  TxB2  was  assayed  directly  in  plasma  by  previously  described,  double¬ 
antibody  radioimmunoassay  techniques  (20,21).  Cross-reactivities  and  sensitivity  limits  of 
the  antibodies  and  reagent  sources  have  been  published  (20). 
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STATISTICAL  METHODS 

A  Kruskal-Wallis  test  was  used  to  detect  significant  differences  between  groups  at 
baseline  using  the  SAS  statistical  program  (SAS  Institute,  Cary,  NC).  A  repeated  measures 
analysis  of  variance  (ANOVA)  was  used  to  test  for  differences  between  Groups  I  and  2 
(22).  A  repeated  measures  ANOVA  was  used  to  test  for  time  differences  (Baseline,  TO, 
and  T30).  When  a  time  difference  was  noted,  Holm’s  sequentially  rejective  multiple 
comparison  test  was  used  to  assess  when  the  time  differences  occurred  to  maintain  an  alpha 
level  of  0.05  (23).  If  an  interaction  between  group  and  time  occurred,  time  differences  were 
assessed  within  each  group  and  group  differences  were  assessed  at  each  time  point  using 
Holm’s  multiple  comparison  procedure. 
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RESULTS 

All  values  in  the  text,  tables,  and  figures  are  expressed  as  means  ±  SEM.  Table  1 
lists  body  weight  and  shed  blood  volume  for  both  experimental  groups.  Hemodynamic 
data  are  presented  in  Table  2.  Due  to  experimental  design,  Hgb,  pH,  MAP,  and  CO  were 
lower  in  Group  I  at  T30,  reflecting  more  severe  hemorrhage.  PaC02,  Pa02,  and  body 
temperature  were  comparable  among  groups  at  all  time  intervals. 

HEMORRHAGE  ALONE  (Group  I) 

The  induction  of  hemorrhage  decreased  MAP  from  135  ±  3  mm  Hg  at  BL  to  39  ± 
1  mm  Hg  and  37  ±  1  mm  Hg  at  TO  and  T30,  respectively  (Fig.  1).  CO  was  decreased  by 
70%  at  both  TO  and  T30  (p<0.05)  (Table  2).  Hgb  decreased  significantly  at  TO  (p<0.05), 
and  continued  to  decrease,  albeit  minimally,  until  T30  (Table  2).  ICP,  allowed  to  fluctuate 
freely  throughout  the  shock  period,  was  significantly  decreased  from  BL  (p<0.05)  (Fig.  2). 
CPP  decreased  from  131  ±  3  mm  Hg  at  BL  to  41  ±  1  mm  Hg  and  40  ±  1  mm  Hg  at  TO 
and  T30,  respectively  (p<0.05)  (Fig.  3).  CBF  decreased  significantly  from  38  ±  2  ml*min' 
1  at  BL  to  22  ±  2  mUmm1  at  TO  (p<0.05),  where  it  remained  (Fig.  4). 

Immunoreactive  TxB2  plasma  measurements  at  all  time  points  were  unchanged  in 
arterial  and  sagittal  sinus  venous  plasma  (Table  3),  although  a  small,  statistically 
insignificant  increase  in  the  venoarterial  difference  of  the  TxB2  concentration  developed 
during  the  shock  period  (Fig.  5). 
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HEMORRHAGIC  PLUS  INTRACRANIAL  MASS  I.ESION  (Group  H) 

Baseline  MAP,  119  ±  6  mm  Hg,  decreased  to  59  ±  3  mm  Hg  and  54  ±  2  mm  Hg 
at  TO  and  T30  (p<0.05),  respectively  (Fig.  1)  As  a  result  of  ICP  manipulation,  less 
hemorrhage  was  required  in  Group  II  to  reduce  CPP  to  the  target  level,  resulting  in  a 
significantly  higher  MAP  at  TO  and  T30  compared  to  Group  I  (p<0.05,  intergroup 
comparison  at  TO  and  T30).  CO  was  decreased  at  TO  and  T30  by  50%  of  baseline  (p  <  0.05) 
(Table  2).  Hgb  levels,  13.96  ±  0.5  g^dl'1  at  baseline,  decreased  at  TO  (p<0.05),  but  showed 
no  further  decline  at  T30  (Table  2).  ICP,  5.5  ±  0.7  mm  Hg  at  baseline,  was  experimentally 
maintained  at  20  mm  Hg  throughout  the  30-minute  shock  period  (Fig.  2).  CPP  decreased 
at  TO  and  T30  to  40  ±  3  mm  Hg  and  34  ±  2  mm  Hg,  respectively  (p<0.05)  (Fig.  3).  CBF 
decreased  from  31  ±  2  ml-min'1  at  BL  to  12  ±  1  mUm'1  at  TO  where  it  remained  (p<0.05) 
(Fig.  4). 

Immunoreactive  TxB2  in  Group  II  was  similar  to  Group  I  in  arterial  and  sagittal 
sinus  samples  at  BL  (Table  3).  However,  at  TO  and  T30,  sagittal  sinus  TxB2  levels 
increased  significantly  to  1,724  ±  140  pg»mT  and  1,894  ±  188  pg*mT\  respectively,  while 
arterial  TxB2  remained  similar  to  Group  I.  At  TO  and  T30,  sagittal  sinus  TxB2  and  the 
venoarterial  difference  in  TxB2  (Fig.  5)  were  significantly  greater  in  Group  II  than  in  Group 
I  (p<0.05). 
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DISCUSSION 

Hemorrhagic  hypotension  accompanied  by  intracranial  hypertension  (20  mm  Hg), 
produced  by  a  subdurally  placed,  expanding  mass  lesion,  causes  a  significant  and  sustained 
release  of  immunoreactive  TxB2  into  the  cerebral  venous  circulation  in  association  with  a 
severe  decline  in  CBF.  Hemorrhage  alone,  sufficient  to  reduce  CPP  to  a  similar  level,  does 
not  increase  cerebral  venous  TxB2.  These  data  suggest  that  incomplete  cerebral  ischemia, 
like  complete  cerebral  ischemia,  is  associated  with  intracerebral  generation  of  TxAj, 
although  they  do  not  clarify  whether  the  increase  in  TxA^  is  a  secondary  phenomenon  or 
whether,  through  its  cerebral  vasoconstrictor  effects,  TxAj  produces  cerebral  ischemia. 

The  decline  in  CBF  associated  with  severe  hemorrhagic  hypotension  or  acutely 
increased  ICP  has  been  extensively  investigated  (6-8,24).  The  cerebral  vasculature  has  the 
unique  ability  to  autoregulate  CBF  in  response  to  mild  reductions  in  CPP  and  to 
preferentially  redistribute  arterial  perfusion  within  the  brain.  As  hype  tension  becomes 
more  severe,  CBF  is  better  preserved  in  critical  areas  of  the  brain,  primarily  the 
cardiovascular  and  respiratory  centers  in  the  brainstem  (6,25).  The  primary  mechanism 
for  flow  redistribution  is  thought  to  be  local  cerebral  arteriolar  vasodilation.  Endogenous 
release  of  vasoactive  substances  and  neurotransmitters  such  as  adenosine  (26)  and 
eicosanoids  (13,27)  modulates  changes  in  CBF.  During  profound  hypotension,  a-adrenergic 
blockade,  which  exerts  no  effect  on  resting  CBF,  increases  CBF,  suggesting  that  sympathetic 
activation  during  shock  may  increase  cerebrovascular  resistance  (28).  If  CBF  is  sufficiently 
reduced  by  hemorrhagic  hypotension  or  intracranial  hypertension,  cerebral  ischemia  ensues. 

Global  cerebral  ischemia  results  in  the  release  of  TxB2  into  the  cerebral  venous 
circulation  (14,15).  Head  trauma  also  stimulates  eicosanoid  production  in  brain  tissue 
(17,18). 


The  intergroup  differences  found  during  the  shock  interval  were  not  due  to  baseline 
differences  in  the  measured  variables  between  groups,  since  baseline  differences  were 
adjusted  using  multivariate  repeated  measures  ANOVA.  In  the  present  experiment.  Group 
I  and  Group  II  had  similar  CPP  during  early  hemorrhage  and  only  a  small  difference  after 
30  minutes  of  shock.  CBF  in  Group  I  averaged  10  mUmin1  more  than  in  Group  II 
throughout  the  shock  interval.  Because  TxB2  is  produced  in  ischemic  vascular  beds 
(10,14,15,20),  the  appearance  of  a  positive  veno-arterial  gradient  of  plasma  TxB2  implies 
ischemia  proximal  to  the  venous  sampling  site.  In  Group  I,  the  total  CBF  of 
23-24  mUmin'1  may  have  been  sufficient  to  prevent  cerebral  ischemia.  Although  we  cannot 
exclude  the  possibility  that  hemorrhagic  hypotension  produced  regional  cerebral  ischemia 
in  Group  I,  we  can  conclude  that  the  less  profound  decrease  in  CBF  produced  by 
hemorrhage  alone  did  not  result  in  increased  release  of  TxB2  into  the  cerebral  venous 
circulation. 

In  Group  II,  total  CBF  decreased  to  11  ±  1.0  mUmin'1  by  the  conclusion  of  the 
shock  interval,  less  than  half  that  measured  in  Group  I.  Because  cerebral  ischemia 
stimulates  the  release  of  TxB2  (10,14,15),  the  additional  decrement  in  CBF  may  have 
precipitated  global  cerebral  ischemia.  Another  possible  explanation  for  the  increase  in 
cerebral  venous  TxB2  in  Group  II  is  that  local  distortion  of  the  brain  parenchyma  and 
vasculature  by  balloon  inflation  may  have  produced  sufficient  mechanical  and  hydrostatic 
pressure  to  impair  regional  cerebral  blood  flow.  Alternatively,  mechanical  disruption  of 
the  brain  microvasculature  by  balloon  inflation  could  have  initiated  the  intravascular  release 
of  arachidonic  acid  and  subsequent  synthesis  of  TxAj.  However,  the  data  in  Group  II  are 
also  consistent  with  the  possibility  that  generation  of  TxAj  further  reduces  CBF,  a  possibility 
that  requires  further  study. 
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In  summary,  the  combination  of  intracranial  hypertension  and  systemic  hypotension 
results  in  a  prominent  increase  in  the  release  of  TxB2,  a  potent  cerebral  vasoconstrictor 
and  promoter  of  platelet  aggregation,  into  cerebral  venous  effluent.  Despite  comparable 
levels  of  CPP,  CBF  tended  to  be  lower  in  animals  with  a  combined  injury  than  in  those 
that  underwent  hemorrhage  alone.  If  these  data  can  be  extrapolated  to  human  multiple 
trauma,  it  is  possible  that  the  release  of  TxB2  in  response  to  the  combination  of  intracranial 
hypertension  and  systemic  hypotension  could  contribute  to  increased  mortality  and 
morbidity  following  head  injury  combined  with  shock.  Further  animal  studies  are  necessary 
to  define  the  effects  of  resuscitation  from  profound  shock  on  cerebral  release  of  TxB2  and 
to  determine  the  effects  of  inhibitors  of  TxAj  synthesis  or  action  on  cerebra'  vascular 
physiology  and  neurologic  outcome. 
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Table  1.  Body  Weight  and  Shed  Blood  Volume  (Means  ±  SEM) 


N 

Weight 

Shed  Blood  Volume 

(kg) 

(ml.kg'1) 

Group  I 

22 

21.2+1.1 

32.0±3.1 

Group  II 

16 

21.0±1.3 

22.2±4.0 

17 


Table  2.  Systemic  and  Cerebral  Variables  (Means  t  SEM) 


BL 

TO  T30 

PaC02 

Group  I 

40.0±0.5 

31.3±0.9 

41.1±  1.6 

(mm  Hg) 

Group  II 

38.5±0.6 

34.5+0.8 

44.3±1.1 

Pa02 

Group  I 

226±6 

216±5 

229±17 

(mm  Hg) 

Group  II 

271±14 

254±15 

253±14 

Temp 

Group  I 

37.1±0.3 

37.1±0.4 

37.6±0.2 

CP) 

Group  II 

37.2±0.3 

37.3±0.3 

37.9±0.3 

pH 

Group  I 

7.37±0.00 

7.40+0.01 

7.19±0.01* 

Group  II 

7.39±0.08 

7.40±0.01 

7.29±0.01 

MAP 

Group  I 

135±3‘ 

4o±r+ 

38±1‘+ 

(mm  Hg) 

Group  II 

119±6 

59±3+ 

54±2+ 

CO 

Group  I 

2.7±0.2 

0.7±0.0* 

0.8±0.0‘+ 

(Lamin'1) 

Group  II 

3.5±0.4 

1.7±0.2+ 

2.0±0.3+ 

Hgb 

Group  I 

11.8±0.4‘ 

10.5±0.3*+ 

10.1±0.3‘+ 

(g.dl1) 

Group  II 

13.9±0.5 

12.6±0.4* 

12.7±0.3+ 

ICP 

Group  I 

4.2±0.8 

-1.6±1.0* 

-2.5±0.6’ 

(mm  Hg) 

Group  II 

5.5±0.7 

19.6+0.2* 

20.4±0.7+ 

CPP 

Group  I 

131±3‘ 

4i±r 

40±l'+ 

(mm  Hg) 

Group  II 

114±6 

40±3+ 

34±2+ 

CBF 

Group  I 

38±2‘ 

23±2'* 

24±1*+ 

(mimin'1) 

Group  II 

31±2 

12±1+ 

n±r 

PaC02  =  arterial  carbon  dioxide  tension;  Pa02  =  arterial  oxygen  tension;  Temp  =  blood 
temperature;  MAP  =  mean  arterial  pressure;  CO  =  cardiac  output;  Hgb  =  hemoglobin; 
ICP  =  intracranial  pressure;  CPP  =  cerebral  perfusion  pressure;  CBF  =  cerebral  blood 
flow. 

*  =  p<0.05  Group  I  and  Group  II  Intergroup  Comparison 

*  =  p<0.05  Group  I  and  Group  II  Intragroup  Comparison  (BL  -  TO,  BL  -  T30) 


Table  3.  Plasma  Arterial  and  Cerebral  Venous  TxB2  Levels  (Means  ±  SEM) 

_ __  __  _ 
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Arterial  TxB2 

Group  I 

647±69 

469±43 

707±58 

(pg.mT) 

Group  II 

726±171 

618±106 

613±126 

Sagittal  Sinus  TxB2 
(pg.ml'1) 

Group  I 

682±71 

557±50 

862±104 

Group  II 

961±188 

1724±178‘+ 

1894±238'" 

Venoarterial  TxB2 

Group  I 

35±40 

87±45 

154±78 

(pg.ml'1) 

Group  II 

235±139 

1106±134*+ 

1281±196‘J 

*  =  p  <  0.05,  Group  I  &  Group  II  Intergroup  Comparison 
+  =  p<0.05,  Group  II  Intragroup  Comparison  (BL  -  TO,  BL  -  T30) 
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LEGENDS 

Figure  1.  Mean  arterial  pressure  in  Groups  I  and  II  at  BL  (just  prior  to  balloon 
inflation),  immediately  following  acute  hemorrhage  (TO)  and  after  30  minutes 
of  hemorrhagic  shock  (T30). 

Figure  2.  Intracranial  pressure  in  Groups  I  and  II  at  BL  (just  prior  to  balloon  inflation), 
immediately  following  acute  hemorrhage  (TO)  and  after  30  minutes  of 
hemorrhagic  shock  (T30). 

Figure  3.  Cerebral  perfusion  pressure  in  Groups  I  and  II  at  BL  (just  prior  to  balloon 
inflation),  immediately  following  acute  hemorrhage  (TO)  and  after  30  minutes 
of  hemorrhagic  shock  (T30). 

Figure  4.  Cerebral  blood  flow  (measured  in  mhmin'1)  by  the  cerebral  venous  outflow 
technique  at  BL,  immediately  following  hemorrhage  (TO)  and  after  30  minutes 
of  hemorrhagic  shock  (T30). 

Figure  5.  Cerebral  venoarterial  difference  of  thromboxane  Aj  (measured  as  its  stable 
metabolite,  thromboxane  B2)  at  BL,  immediately  following  induction  of 
hemorrhage  (TO),  and  after  20  minutes  of  shock  (T30). 
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ABSTRACT 
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We  compared  canine  cerebrovascular  and  systemic  hemodynamics  following  fluid 
resuscitation  with  6.0  ml* kg'1  of  7.2%  saline  to  54  mUkg'1  of  0.8%  saline  (providing  an 
equal  sodium  load)  in  a  model  of  intracranial  hypertension  (produced  by  inflation  of  a 
subdural  balloon)  and  hemorrhagic  shock.  Twelve  anesthetized,  intubated  mongrel  dogs 
were  ventilated  with  0.5%  halothane  in  nitrous  oxide  and  oxygen  (60:40)  to  maintain 
normocarbia.  While  intracranial  pressure  (ICP)  was  maintained  at  20  mm  Hg  by 
inflation  of  a  right-hemispheric,  subdural  balloon,  rapid  hemorrhage  reduced  mean 
arterial  pressure  to  55  mm  Hg  and  maintained  it  at  that  level  for  30  minutes. 
Subsequently,  over  five  minutes,  one  of  two  randomly  assigned  resuscitation  fluids  was 
infused:  (1)  7.2%  hypertonic  saline,  6  mUkg'1  (HS;  1232  mEq/L  sodium)  or  0.8%  saline 
54  ml«kg 1  (SAL;  135  mEq/L  sodium).  As  fluid  infusion  began,  ICP  was  permitted  to 
vary  without  further  manipulation.  Data  were  collected  at  baseline  (BL),  after  balloon 
inflation  (BI),  at  the  beginning  of  the  shock  interval  (TO),  at  the  end  of  the  shock 
interval  (T30),  immediately  following  fluid  infusion  (T35),  and  at  thirty-minute  intervals 
thereafter  for  two  hours  (T65,  T95,  T125,  T155).  ICP  and  cerebral  blood  flow  were 
compared  among  groups  using  repeated  measures  ANOVA.  Although  SAL  produced  a 
slightly  more  rapid  increase  in  mean  arterial  pressure,  the  levels  were  comparable  from 
T65  to  T155.  At  T35  and  T65,  ICP  in  the  SAL  group  increased  significantly  compared 
to  HS  which  decreased  slightly  (p  <  0.05  at  both  intervals).  By  T95,  ICP  in  group  HS 
had  increased  to  30  ±  5  mm  Hg,  comparable  to  SAL  (32  ±  3  mm  Hg).  Despite  the 
differences  in  ICP  at  T35  and  T65,  CBF  was  comparable  at  all  intervals  after 
resuscitation.  Neither  fluid  restored  CBF  to  baseline  values.  Following  a  severe 
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reduction  in  cerebral  perfusion  pressure,  resuscitation  with  hypertonic  saline  fails  to 
sustain  a  lower  ICP  than  conventional  crystalloid  resuscitation  fluid  therapy  and  does  not 
improve  forebrain  CBF. 
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Traumatic  hypotension  is  associated  with  increased  mortality  in  patients  who  have 
suffered  closed  head  injury.13  In  patients  with  a  Glasgow  Coma  Score  <  8  on  admission 
to  the  hospital,  a  systolic  blood  pressure  less  than  90  mm  Hg  is  associated  with  a  risk  of 
poor  neurologic  outcome  that  is  13  times  greater  than  the  risk  in  those  patients  in  whom 
systolic  arterial  pressure  exceeds  90  mm  Hg.3  This  may  in  part  be  due  to  impaired 
cerebral  autoregulation  following  head  injury,  a  phenomenon  that  has  been 
demonstrated  in  animals  {Llewelt}  and  man  {Muizelaar,  Bruce  75}.  Head-injured 
patients  are  particularly  likely  to  demonstrate  impaired  autoregulation  if  they  have 
sustained  extra- axial  hematomas  (Bruce  75}.  However,  despite  increased  vulnerability 
to  hypotension,  little  is  known  about  cerebral  circulatory  responses  to  fluid  resuscitation 
in  situations  in  which  both  an  intracranial  mass  lesion  and  hemorrhage  are  present. 

Hemorrhagic  shock  reduces  ICP  in  animals  without  intracranial  pathology21  and 
reduces  ICP  to  an  even  greater  extent  if  an  intracranial  mass  lesion  exists.6,19 
Subsequent  restoration  of  blood  pressure  rapidly  increase  ICP,  the  magnitude  of 
increase  depending  upon  the  type  of  resuscitation  fluid  used.6,19  Small  volumes  (4.0-6.0 
mUkg1)  of  hypertonic  resuscitation  solutions  produce  a  minimal  increase  in  ICP  in 
comparison  to  the  large  increase  associated  with  conventional  crystalloid 
solutions,5,20  21  yet  produce  substantial  improvements  in  blood  pressure,  cardiac  output, 
and  survival  after  otherwise  lethal  hemorrhage.5,15,23,20,29  Hypertonic  solutions  are 
associated  with  lower  post-resuscitation  ICP  even  when  infused  in  a  volume  sufficient  to 
produce  hyperdynamic  cardiac  output  values.6-6  However,  previous  models  that  combine 
hemorrhagic  shock  and  an  intracranial  mass  lesion  have  not  experimentally  maintained 
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intracranial  hypertension  during  hemorrhage.6,7 19  Therefore,  they  may  not  replicate  the 
effect  on  ICP  of  an  expanding  intracranial  mass  lesion,  in  a  multiply  injured  patient. 

The  present  study  combines  hemorrhagic  shock  and  decreased  intracranial 
compliance,  produced  by  a  subdural  mass  lesion  that  is  progressively  expanded  during 
hemorrhage,  to  compare  the  cerebrovascular  and  systemic  hemodynamic  effects  of 
resuscitation  with  equal  quantities  of  sodium,  either  highly  concentrated  in  a  small 
volume  (7.2%  saline;  6.0  ml*  kg'1)  or  less  concentrated  in  a  larger  volume  (0.8%  saline; 
54  mUkg'1). 
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METHODS 

Twelve  mongrel  dogs  weighing  18-24  kg  were  handled  according  to  guidelines 
established  by  the  institutional  Animal  Care  and  Use  Committee.  Dogs  were  fasted 
overnight,  anesthetized  with  intravenous  thiopental  sodium  (8.0  mgekg'1),  paralyzed  with 
intravenous  vecuronium  (0.2  mg^kg1),  endotracheally  intubated,  and  maintained  under 
anesthesia  with  halothane  0.5%  in  nitrous  oxide  and  oxygen  (60:40).  Animals  were 
mechanically  ventilated  at  a  rate  and  tidal  volume  (15  ml* kg1)  necessary  to  maintain 
normocarbia. 

Bilateral  femoral  arterial  catheters  were  placed  to  monitor  arterial  blood  pressure 
and  to  induce  rapid  hemorrhage.  A  pulmonary  artery  catheter  was  inserted 
percutaneously  via  the  right  external  jugular  vein.  Systemic  and  pulmonary  pressures 
were  recorded  continuously  on  a  Grass  model  79D  polygraph  (Grass  Instrument  Co., 
Quincy,  MA)  with  saline-filled  Gould-Statham  P23  transducers  (Gould,  Inc.,  Oxnard, 

CA).  Pulmonary  artery  occlusion  pressure  (PAOP)  was  recorded  intermittently.  Cardiac 
output  (CO)  was  recorded  intermittently  using  an  American  Edwards  Sat-1  CO 
computer  (American  Edwards,  Corp.,  Santa  Ana,  CA).  All  transducers  were 
intermittently  calibrated  with  the  zero  level  established  at  the  level  of  the  left  atrium. 
Blood  temperature  was  monitored  by  a  thermistor  on  the  tip  of  the  pulmonary  artery 
catheter.  Body  temperature  was  maintained  using  a  heating  pad  applied  to  the  trunk 
and  extremities. 

Following  splenectomy,  animals  were  turned  to  the  prone  "sphinx"  position,  and 
the  temporalis  and  occipital  musculature  dissected  from  the  skull.  After  heparinization 
(500  IU^kg'1),  the  confluence  of  the  sagittal  and  lateral  sinuses  was  cannulated. 
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Cerebral  blood  flow  (CBF)  was  measured  in  mUmin'1  using  timed  samples  of  cerebral 
venous  outflow,  a  technique  originally  described  by  Rapela  and  Green.22  An  18-ga 
catheter  inserted  into  the  cisterna  magna,  zeroed  to  the  level  of  the  external  auditory 
canal  (7  cm  above  the  left  atrium),  provided  continuous  ICP  monitoring.  The  dura  was 
incised  through  a  right  temporoparietal  burr  hole  and  the  balloon  tip  of  a  7-Fr  Foley 
catheter  was  inserted  subdurally.  Animals  were  subjected  to  no  further  manipulation 
during  the  subsequent  30  minutes. 

Baseline  (BL)  measurements  included:  CBF,  ICP,  systolic  and  diastolic  arterial 
pressure  (SAP  and  DAP),  systolic  and  diastolic  pulmonary  artery  pressure  (PAS  and 
PAD),  PAOP,  CO,  and  serum  osmolality  (5500  Vapor  Pressure  Osmometer,  Wescor, 
Inc.,  Logan,  UT).  Arterial  and  cerebral  venous  pH,  PC02,  and  P02  were  measured  with 
an  IL  1306  blood  gas  analyzer  and  arterial  and  cerebral  oxygen  saturation  and 
hemoglobin  (Hgb)  were  analyzed  in  an  II  282  CO-Oximeter  (Instrumentation 
Laboratory,  Lexington,  MA).  From  the  collected  data  we  calculated  mean  arterial 
pressure  (MAP  =  DAP  +1/3  [SAP  -  DAP]),  cerebral  perfusion  pressure  (CPP  =  MAP 
-  ICP),  cerebral  arteriovenous  oxygen  content  difference  (cerebral  A-VD02),  and 
estimated  cerebral  oxygen  consumption  (CMR02)  in  mUmin'1  as  CBF  x  the  cerebral  A- 
VD02  and  cerebral  oxygen  transport  (C02T)  in  mimin'1  as  CBF  x  arterial  02  content 
(Ca02). 

Immediately  following  baseline  (BL)  measurements,  ICP  was  increased  to  20  mm 
Hg  by  inflation  of  the  subdural  balloon  with  saline  and  was  maintained  at  that  level 
throughout  shock.  Following  balloon  inflation  (BI),  a  second  data  set  was  obtained. 
Arterial  blood  withdrawal  then  rapidly  reduced  MAP  to  55  mm  Hg  and  maintained  it  at 
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that  level  for  30  minutes.  Data  were  recorded  at  the  beginning  and  end  of  the  30- 
minute  shock  interval  at  measurement  intervals  designated  TO  and  T30  where  T  =  time 
and  the  subsequent  number  denotes  the  minutes  elapsed  singe  the  beginning  of  the 
shock  interval.  Animals  were  then  randomly  assigned  to  receive  one  of  two  resuscitation 
fluids  over  a  five-minute  interval:  Group  HS  received  6  mUkg'1  of  7.2%  NaCl  (1232 
mEq*L°  Na+),  and  group  SAL  received  54  mUkg'1  of  0.8%  saline  (137  mEq*L°  Na+). 

As  resuscitation  began,  ICP  was  allowed  to  vary  independently.  Data  were  collected 
immediately  following  fluid  infusion  (T35)  and  at  thirty  minute  intervals  thereafter  for 
two  hours,  designated  as  T65,  T95,  T125,  and  T155.  Figure  1  summarizes  the 
experimental  preparation. 


Statistical  Analysis 

The  Kruskal -Wallis  test  was  employed  to  detect  differences  between  the  three 
fluid  groups  at  BL  and  BI.  A  multivariate  repeated  measures  analysis  of  variance 
(ANOVA)  was  performed  to  determine  if  interactions  between  groups  and  time 
existed.4  Interactions  were  analyzed  further  with  the  Holm’s  sequentially  rejective 
multiple  test  procedure  using  a  significant  level  of  0.05.9  To  assess  time  or  group 
differences  when  an  interaction  was  not  present,  a  multivariate  repeated  measures 
ANOVA  and  an  analysis  of  covariance  were  performed  on  the  dependent  variables. 
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RESULTS 

Mean  body  weights  and  volumes  of  shed  blood  during  hemorrhage  for  Group  HS 
and  SAL  are  listed  in  Table  1.  In  this  and  all  subsequent  tables  and  figures,  the  data 
are  reported  as  means  ±  SEM.  Body  weight  and  shed  blood  volume  were  comparable 
between  groups. 

Mean  Arterial  Pressure 

Both  fluid  groups  exhibited  comparable  MAP  at  BL,  BI,  TO,  and  T30  (Figure  2). 
Fluid  resuscitation  (T35)  rapidly  increased  MAP  in  the  SAL  group  to  80  ±  6  mm  Hg 
where  it  remained  throughout  the  experimental  period.  Infusion  of  HS  produced  a 
gradual  increase  in  MAP  over  the  first  thirty  minutes  to  a  maximum  pressure  of  88  ±  5 
mm  Hg  at  T65.  At  no  time  did  either  of  the  two  resuscitation  fluids  restore  MAP  to 
baseline.  There  were  no  significant  post-resuscitation  differences  in  MAP. 

Cardiac  Output 

Cardiac  output  (CO)  declined  during  hemorrhage  to  approximately  50%  of 
baseline  (Figure  3).  CO  increased  following  resuscitation  in  both  groups  with  SAL 
resulting  in  significant  increases  in  CO  compared  to  HS  at  T35  (p  <  0.05).  By  T65,  CO 
had  declined  in  both  groups  There  were  no  subsequent  significant  differences. 

Other  Systemic  Variables 

PaC02,  hemoglobin  (Hgb),  Pa02,  pH,  blood  temperature,  and  PAOP  were  similar 
among  groups  at  all  time  intervals  (Table  2).  After  resuscitation,  serum  osmolarity  was 
greater  in  the  HS  group  (p  <  0.05  HS  vs  SAL  at  T95  and  T155). 
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Cerebral  Hemodynamic  Data 

Intracranial  Pressure 

ICP  (Fig.  4)  was  similar  before  balloon  inflation  in  the  both  groups  and  was 
maintained  at  20  mm  Hg  throughout  the  shock  interval  (T0-T30).  Resuscitation  (T35) 
resulted  in  initial  increases  in  ICP  in  the  SAL  group  in  comparison  to  T30  values  in  the 
SAL  group  (p  <  0.05)  and  in  comparison  to  the  HS  group  which  remained  at  shock 
levels  (p  <  0.05  SAL  vs  HS  at  T35).  By  T65,  ICP  in  the  SAL  group  remained 
significantly  greater  than  during  shock  (p  <  0.05  T30  vs  T65).  ICP  in  the  HS  group 
remained  significantly  lower  at  20  ±  3  mm  Hg  (p  <  0.05  SAL  vs  HS  at  T65).  ICP  in 
the  HS  group  increased  gradually  between  T65  and  T95  to  30  ±  5  mm  Hg,  comparable 
to  ICP  in  the  SAL  group.  Fluid  resuscitation  with  either  fluid  increased  ICP 
significantly  over  the  duration  of  the  post-resuscitation  interval  (p  <  0.05,  T30  vs  T95, 
T125  and  T155  within  both  groups). 

Cerebral  Perfusion  Pressure 

CPP  (Fig.  5)  followed  the  same  general  pattern  as  MAP  and  was  statistically 
similar  between  groups  throughout  the  post-resuscitation  interval. 

Cerebral  Blood  Flow 

During  shock,  CBF  declined  significantly  in  both  groups  compared  to  baseline 
CBF  (Fig.  6)  (p  <  0.05  within  each  group).  Resuscitation  (T35)  was  associated  with  an 
increase  in  CBF  in  both  groups  with  HS  resulting  in  greater,  though  not  statistically 
different  increases.  After  T35,  CBF  declined  gradually  in  both  groups. 

Table  4  lists  interval  changes  in  cerebral  A-VD02,  CMR02,  and  C02T.  Note  that 
the  units  for  the  later  two  measurements  are  mimin'1  to  correspond  to  the  units  of  CBF 
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measurements.  There  were  no  significant  differences  in  these  variables. 
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Trauma  is  the  leading  cause  of  death  in  the  United  States  for  persons  under  the 
age  of  45  (1-3;  Wisner  paper)  with  head  injury  accounting  for  approximately  50  to  60% 
of  the  trauma  deaths  (2,4,5;  Wisner  paper).  While  a  majority  of  these  deaths  occur  at 
the  scene,  many  also  occur  during  patient  transport  (4,6;  Wisner  paper).  Seventy 
percent  of  victims  of  motor  vehicle  trauma,  the  largest  simple  group  of  civilian  trauma 
victims,  have  accompanying  head  injury  (7,8;  Wisner  paper).  Patients  with  multiple 
injuries  often  require  vigorous  fluid  resuscitation  at  the  scene  and  during  transport  to 
replace  deficits  as  well  as  ongoing  blood  loss  (9,10,11;  Wisner  paper).  Conventional 
fluid  resuscitation  usually  consists  of  large  volumes  of  isotonic  crystalloid  solutions.  The 
rapid  infusion  of  large  volumes  of  isotonic  crystalloid  increases  ICP  and  may  promote 
the  formation  of  cerebral  edema  by  decreasing  colloid  oncotic  pressure,  although  recent 
data  discounts  decreased  oncotic  pressure  as  a  mechanism  producing  increased  in  ICP  in 
non-injured  brain  following  crystalloid  administration  {1599,1142}.  To  avoid 
resuscitation-induced  increases  in  ICP,  as  well  as  to  develop  more  rapidly  effective 
resuscitation  regimens,  investigators  have  evaluated  small  volumes  of  hyperosmolar 
saline  as  a  substitute  for  larger  volumes  of  isotonic  or  slightly  hypotonic  fluids.  To  date, 
a  number  of  studies  have  reported  effective,  acute  resuscitation  with  hyperosmolar  saline 
solutions  in  a  fraction  of  the  required  volume  of  isotonic  crystalloid 
{1986,1898,1078,1135,1112,1127,1087,1070,  1303,1987,1299,1069,1119,  Whitley,  Prough}. 
Hypertonic  saline  solutions  also  appear  to  increase  myocardial  efficiency  {1303},  lower 
pulmonary  artery  pressures,  reduce  systemic  vascular  resistance  (Gazitua,  Rowe,  Norlich 
and  Rocha  E  Silva),  enhance  central  venoconstriction  (new  Lopes  ’86)  and  preferentially 
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redistribute  blood  volume  centrally  by  precapillary  vasoconstriction  of  muscle  and  skin 
vascular  beds  (Rocha  E  Silva  ’86,  Lundvall  ’69).  The  added  benefits  of  low  cost  and 
long  shelf  life  make  hyperosmolar  saline  solutions  especially  attractive  for  use  following 
civilian  and  military  trauma. 

In  addition  to  rapidly  improving  blood  pressure  and  cardiac  output,  hypertonic 
saline  resuscitation  lowers  ICP,  improves  cerebral  perfusion  pressure,  and  sometimes 
enhances  CBF  in  comparison  to  isotonic  saline  solutions  (3,5,11,12;  Prough  paper, 
Whitley).  Prough  et  al  compared  a  single  bolus  of  7.5%  saline  (6.0  mUkg"')  to  lactated 
Ringer’s  solution  (60  mUkg'1)  following  a  30  minute  interval  of  hemorrhagic  shock, 
produced  by  rapid  blood  loss  approximating  50%  of  canine  blood  volume  (40  mlakg'1) 

(3).  Administration  of  7.5%  saline  was  associated  with  a  significantly  lower  post¬ 
resuscitation  ICP  but  a  similar,  reduced  level  of  CBF  (133Xenon  clearance  method)  and 
cerebral  oxygen  transport.  Subsequently,  Whitley  et  al,  using  a  model  that  combined 
using  a  hemorrhagic  shock  decreased  intracranial  compliance  (produced  by  inflation  of  a 
subdural  balloon),  reported  that  7.2%  saline  significantly  improved  regional  CBF 
(radioactive  microsphere  technique)  in  comparison  to  0.8%  saline  in  dogs  (Whitley,  ASA 
abstract). 

In  1988,  Gunnar  et  al  compared  the  systemic  and  cerebral  hemodynamic  effects 
of  resuscitation  with  3.0%  saline,  0.9%  saline,  and  10%  dextran-40  (11).  Following  a 
one  hour  interval  of  hemorrhagic  shock,  (shed  blood  volume  approximating  32  mUkg1; 
MAP  51-74  mm  Hg),  one-half  of  the  original  shed  blood  was  reinfused  followed  by 
infusion  of  one  of  the  test  fluids  in  a  volume  equal  to  the  initial  shed  blood  volume.  The 
investigators  subsequently  infused  1500  ml  of  0.9%  saline  over  the  ensuing  1.25  hours, 
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then  reinfused  the  remaining  one-half  of  the  shed  blood  (11).  ICP  in  animals  that  had 
received  10%  dextran-40  or  0.9%  saline  significantly  exceeded  that  in  the  3%  saline 
group.  In  a  subsequent  study,  Gunnar  et  al  compared  the  effects  on  ICP  of  the  same 
three  fluid  choices  in  a  similar  hemorrhagic  shock  model  in  which  intracranial 
compliance  was  limited  by  the  inflation  of  an  epidural  balloon  (5).  Systemic 
hemodynamics  and  ICP  were  compared  after  balloon  inflation  (following  a  15-minute 
stabilization  period  at  the  conclusion  of  which  ICP  averaged  18.6  ±  0.8  mm  Hg),  during 
shock,  and  following  resuscitation.  ICP  decreased  during  the  shock  interval 
approximately  10  mm  Hg  in  all  groups.  After  resuscitation,  maximal  mean  ICP  values 
for  the  0.9%  saline  and  10%  dextran-40  groups  were  46  ±  12.1  mm  Hg  and  45.3  ±  24 
mm  Hg,  respectively,  compared  to  approximately  4  mm  Hg  in  the  3%  saline  group. 

The  present  study,  attempted  as  did  those  of  Gunnar  et  al,  to  duplicate  the 
specific  features  of  acute,  pre-hospital  resuscitation.  The  primary  distinguishing 
characteristics  of  the  present  study  were  more  severely  reduced  intracranial  compliance 
and  a  more  clinically  pertinent  type  of  initial  resuscitation.  In  addition,  the  cerebral 
venous  outflow  technique  facilitates  greater  temporal  resolution  of  changes  in  CBF. 
These  data  support  previous  observations  that  small  volume  resuscitation  with  HS 
produces  comparable,  yet  transient,  systemic  hemodynamic  improvement  to  that 
produced  by  larger  volumes  of  slightly  hypotonic  crystalloid  (Prough,  JNS).  These  data 
also  confirm  the  ability  of  HS  to  limit  resuscitation  induced  increases  in  ICP,  a 
complication  of  the  infusion  rf  large  volumes  of  isotonic  crystalloid  (Wilson  ’51,  Gunnar 
’86,  Prough,  JNS).  Despite  lower  ICP  in  the  HS  group  immediately  following  fluid 
resuscitation,  CBF  did  not  significantly  improve  during  the  post-resuscitation  period 
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when  compared  to  pre-shock  levels,  and  was  only  slightly  (not  significantly)  superior  to 
the  saline  control  group. 

Gunnar  et  al  reported,  as  described  above,  that  ICP  remained  at  or  below 
baseline  levels  throughout  the  post-resuscitation  period  in  animals  resuscitated  with 
hypertonic  saline  despite  the  presence  of  an  epidural  mass  with  a  volume  approximating 
2.8  ±  0.32  ml.  In  contrast,  0.9%  saline-resuscitated  animals  had  a  marked  increase  in 
ICP.  We  also  found  minimal  increases  in  ICP  immediately  following  resuscitation  with 
HS.  At  the  same  interval,  ICP  increased  markedly  in  the  0.8%  saline  group.  However, 
in  contrast  to  the  observations  of  Gunnar  et  al,  starting  at  about  one  hour  into  the  two 
hour  observation  period  (T95),  ICP  began  to  increase  gradually  to  a  level  comparable  to 
that  of  0.8%  saline.  In  the  present  study,  systemic  variables  MAP  and  CO  changed  in  a 
fashion  that  should  not  have  increased  CBF,  cerebral  blood  volume,  or  ICP.  MAP 
remained  stable  in  both  the  HS  and  the  SAL  groups  from  T65-T155.  CO  decreased 
from  T35  forward  in  both  groups.  Nevertheless,  ICP  increased  from  20  ±  3  mm  HG  at 
T65  to  30  ±  5  mm  Hg  at  T95,  effectively  eliminating  any  advantage  of  hypertonic  saline 
over  0.8%  saline  in  terms  of  ICP. 

The  difference  in  ICP  trends  following  resuscitation  with  HS  between  these  two 
studies  may  be  explained  by  differences  in  experimental  design.  First,  Gunnar  et  al 
resuscitated  animals  with  32  mUkg'1  of  3%  saline  or  0.9%  saline  after  returning  one- 
half  of  the  shed  blood  volume.  Therefore,  the  total  osmolar  load  of  3%  saline 
considerably  exceeded  that  provided  by  6.0  mUkg'1  of  7.2%  saline  in  our  present  study. 
Two  hours  post-resuscitation,  serum  osmolality  was  334  ±  7.5  mOsm/L  in  the  3%  saline 
group  (Gunnar  et  al)  and  321  ±  6  mOsm/L  in  the  7.2%  saline  group  (present  study). 
Gunnar  and  colleagues  reported  that  wet  brain  weight  in  the  HS-resuscitated  animals 
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was  significantly  less  than  in  those  resuscitated  with  isotonic  saline  or  dextran-40  (69.8  ± 
0.3  gm  to  74.5  ±  1.9  and  74.3  ±  1.8  gm,  respectively),  suggesting  less  brain  water  in  the 
HS-resuscitated  animals.  Second,  resuscitation  was  carried  out  initially  with  one-half  of 
the  previously  shed  blood  volume  prior  to  test  fluid  infusion.  Infusion  of  one-half  the 
shed  blood  alone  increased  cardiac  index  to  control  values  and  markedly  improved 
MAP,  PAWP  and  other  systemic  parameters,  after  which  a  much  larger  volume  of 
hypertonic  saline  was  administered.  In  contrast,  we  resuscitated  animals  only  with  a 
small  volume  of  blood-free  solution.  Therefore,  total  body  sodium  at  the  end  of 
resuscitation  was  certainly  greater  in  the  study  by  Gunnar  et  al  than  in  the  present  study. 
More  effective  resuscitation  may  have  restored  cell  membrane  potentials  and  more 
effectively  restored  cellular  function,  perhaps  including  the  function  of  sodium-potassium 
pumps.  Third,  Gunnar  et  al  permitted  ICP  to  decline  during  shock.  Therefore  cerebral 
ischemia  should  have  been  less  profound  during  shock.  Cerebral  perfusion  pressure 
increased  from  a  low  of  approximately  40  mm  Hg  at  the  beginning  of  shock  to 
approximately  65  mm  Hg  by  the  end  of  the  shock  interval  due  to  a  spontaneous  increase 
in  MAP.  This  was  significantly  greater  than  the  40  mm  Hg  that  was  maintained  during 
shock  in  the  present  study.  Comparison  of  intracranial  balloon  volumes  revealed  an 
epidural  balloon  volume  of  2.8  ±  0.32  (ml)  and  a  subdural  balloon  volume  of  4.8  ±  0.9 
(ml)  in  the  two  hypertonic  saline  groups.  Gunnar  and  colleagues  have  since  reported, 
using  their  previously  reported  hemorrhagic  shock-epidural  mass  resuscitation  model, 
that  3%  saline  produced  no  significant  increase  in  cerebral  blood  flow  compared  to 
0.9%  saline  or  10%  dextran-40  despite  a  higher  CPP  and  lower  ICP  compared  to  the 
current  study  (12). 
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In  these  experiments,  the  failure  of  an  adequate  post-resuscitation  CPP,  to 
maintain  CBF  in  the  post-resuscitation  period  indicated  a  reduced  ability  of  the  cerebral 
microvasculature  to  compensate  (i.e.  autoregulate),  a  condition  predisposing  the  brain 
parenchyma  to  ischemic  damage  and  disruption  of  the  blood-brain  barrier.  Gunnar  et  al 
demonstrated  blood-brain  barrier  breakdown  on  the  side  of  the  epidural  balloon, 
adjacent  to  the  epidural  balloon  in  all  animals,  including  those  receiving  3%  saline.  If 
the  blood-brain  barrier  were  more  severely  damaged,  as  seems  likely,  following  more 
profoundly  reduced  cerebral  perfusion  pressure  during  shock  in  the  present  study, 
enhanced  movement  of  sodium  into  brain  tissue  could  explain  the  late  increase  in  ICP. 

In  summary,  these  data  confirm  the  concept  that  hypertonic  saline  solutions 
produce  superior  effects  on  ICP  immediately  after  resuscitation  if  hemorrhage  is 
accompanied  by  an  intracranial  mass  lesion.  However,  viewed  in  relation  to  the  work  of 
Gunnar  et  al.,  these  data  emphasize  that  the  superiority  of  hypertonic  solutions  is  highly 
dependent  upon  the  severity  of  the  cerebral  ischemic  insult  and  may  be  critically 
affected  by  the  extent  to  which  systemic  perfusion  is  restored  and  maintained. 
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LEGENDS 

Figure  1.  Summary  of  experimental  preparation. 

Figure  2.  Response  of  mean  arterial  pressure  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS)  or  0.8%  saline  (SAL). 

Figure  3.  Changes  in  cardiac  output  following  resuscitation  from  hemorrhagic  shock 
with  hypertonic  7.2%  saline  (HS)  or  0.8%  saline  (SAL). 

Figure  4.  Response  of  intracranial  pressure  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS)  or  0.8%  saline  (SAL).  Intracranial  hypertension 
induced  by  inflation  of  an  subdural  balloon  accompanied  hemorrhage. 

Figure  5.  Changes  in  cerebral  perfusion  pressure  following  resuscitation  from 
hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS)  or  0.8%  saline  (SAL).  Intracranial 
hypertension  induced  by  inflation  of  an  subdural  balloon  accompanied  hemorrhage. 

Figure  6.  Response  of  cerebral  blood  flow  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS)  or  0.8%  saline  (SAL).  Intracranial  hypertension 
induced  by  inflation  of  an  subdural  balloon  accompanied  hemorrhage. 
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Table  1.  Body  Weight,  Shed  Blood  Volume,  Resuscitation  Volume  and  Balloon  Volume 

(means  ±  SEM) 


Group 

N 

Weight 

(kg) 

Blood  Loss 

(mMcg"1) 

Resus.  Volume 

(mUkg'1) 

Balloon  Volume* 

(ml) 

HS 

6 

18.6±2.7 

21.5±2 

6.0 

4.8±0.9 

SAL 

6 

20.4+1.0 

20.9±2 

54 

5.4±0.7 

*  Balloon 

volume 

describes 

the  volume  of 

saline  that  could 

be  withdrawn  from 

the  balloon  at  the  termination  of  the  experiment. 


Table  2.  Major  Systemic  Variables  (Means  ±  SEM) 


5  June  1990 
Subdural.mas 


23 


Table  3.  Serum  Osmolality  (Means  ±  SEM) 


Group 

BL 

T95 

T155 

Serum  Osmolality 
(mOsm^L1) 

HS 

287:3 

337±13* 

321±6 

SAL 

291±4 

309±4 

308±4 

*  p<0.05,  HS  vs  SAL 


Table  4.  Major  Cerebral  Variables  (Means  ±  SEM) 
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ABSTRACT 

To  determine  if  hypertonic  and  hyperoncotic  resuscitation  solutions  exerted 
comparable  effects  on  cerebral  hemodynamics  following  hemorrhagic  shock,  we  compared 
randomly  assigned,  equal  volumes  (6.0  ml^kg'1)  of  hypertonic  (1.2%)  saline  (HS)  and 
hyperoncotic  (20 9c)  hydroxyethyl  starch  (HES)  for  resuscitation  from  acute  experimental 
hemorrhage  in  12  anesthetized  dogs.  Regional  cerebral  blood  flow  (radiolabelled 
microspheres),  intracranial  pressure  (cisternal  catheter),  and  systemic  hemodynamics  were 
recorded.  Rapid  hemorrhage  reduced  mean  arterial  pressure  to  45  mm  Hg  for  30  minutes. 
Resuscitation  fluids  were  infused  over  5  minutes.  Both  fluids  restored  mean  arterial 
pressure  and  cardiac  output  equally.  Cardiac  output  rapidly  declined,  however,  in  the  HS 
group  in  comparison  to  the  HES  group  (p<0.05  60  minutes  following  resuscitation). 
Intracranial  pressure  and  cerebral  perfusion  pressure  were  similar  at  all  intervals.  Regional 
cerebral  blood  flow  was  similar  following  both  fluids.  Neither  fluid  restored  cerebral  oxygen 
transport  to  baseline  values.  Following  severe  hemorrhagic  shock  of  brief  duration,  systemic 
and  cerebral  hemodynamic  values  are  restored  equally  well  by  highly  concentrated  colloid 
or  by  hypertonic  saline,  although  hypertonic  saline  only  transiently  improves  cardiac  output. 
Key  Words:  Shock,  hemorrhagic 
Intracranial  pressure 
Cerebral  blood  flow 
Hypertonic  saline 
Hydroxyethyl  starch 
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INTRODUCTION 

Following  acute  trauma  or  hemorrhage,  an  ideal  fluid  for  acute  resuscitation  should 
promptly  restore  systemic  hemodynamics  when  administered  in  a  volume  constituting  only 
a  fraction  of  shed  blood  volume.  Small  volumes  of  hypertonic  salt  solutions,  administered 
in  a  dose  equal  to  a  fraction  of  the  shed  blood,  effectively  restore  blood  pressure  and 
cardiac  output  in  experimental  hemorrhagic  shock  (1-3).  Small  volumes  of  hypertonic  salt 
solutions  also  improve  survival  in  severe,  experimental  hemorrhagic  shock  (1,2, 4-7)  and  are 
associated  with  lower  intracranial  pressure  (ICP)  following  resuscitation  than  are  isotonic 
salt  solutions  (8-12).  However,  because  the  systemic  hemodynamic  effects  of  hypertonic 
saline  alone  are  relatively  short-lived  (6-8),  the  addition  of  colloid,  usually  6.0%  dextran, 
produces  more  sustained  hemodynamic  effects  than  hypertonic  saline  solutions  alone  (7,8). 

However,  rapid  infusion  of  hypertonic  solutions  containing  sodium  in  concentrations 
substantially  in  excess  of  normal  serum  concentrations  produces  hypernatremia  and 
hypertonicity.  Although  moderate  hypertonicity  appears  to  be  well  tolerated  when  it 
develops  during  the  resuscitation  of  burned  patients  or  during  replacement  of  perioperative 
fluid  losses  with  hypertonic  solutions  (13,14),  unanswered  questions  remain  regarding 
presumably  rare,  but  potentially  lethal,  complications  of  rapid  increases  in  serum  sodium 
concentration,  such  as  subdural  hemorrhage  or  central  pontine  myelinolysis  (15-17). 

We  performed  a  study  to  determine  whether  rapid  resuscitation  with  a  highly 
concentrated  solution  of  the  synthetic  colloid  hydroxyethyl  starch  (HES)  would  produce 
improvements  in  systemic  and  cerebral  hemodynamics  comparable  to  those  produced  by 
equal  volumes  of  7.2%  saline. 
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METHODS 

Twelve  mongrel  dogs  of  either  sex,  weighing  18-24  kg,  were  managed  according  to 
guidelines  established  by  the  institution’s  Animal  Care  and  Use  Committee. 

Anesthesia 

Following  an  overnight  fast,  dogs  were  anesthetized  with  intravenous  thiopental 
sodium  (8.0  mg®kg"1),  paralyzed  with  pancuronium  (0.2  mg^kg'1),  endotracheally  intubated, 
then  anesthetized  with  halothane  0.59c  in  nitrous  oxide  and  oxygen  (60:40).  Animals  were 
ventilated,  using  an  Edco  Model  822  large  animal  ventilator  (Edco  Scientific,  Inc.,  Chapel 
Hill,  NC),  at  a  tidal  volume  of  15  ml  •kg'1  and  a  rate  sufficient  to  maintain  normocarbia. 
Additional  pancuronium,  given  as  needed,  prevented  respiratory  movement. 

Hemodynamic  Monitoring 

Arterial  catheters  were  placed  in  the  right  femoral  and  both  brachial  arteries  for 
continuous  monitoring  of  systemic  arterial  blood  pressure  and  for  use  as  reference  organs 
for  cerebral  blood  flow  (CBF)  determinations  using  radioactive  microspheres  (left  brachial 
and  right  femoral  arteries).  A  7-Fr  pigtail  catheter  was  inserted  into  the  left  ventricle 
through  the  left  femoral  artery  for  injection  of  radioactive  microspheres.  A  flow-directed, 
pulmonary  artery  catheter  was  placed  percutaneously  via  the  right  external  jugular  vein  for 
cardiac  output,  pulmonary  artery  pressure  and  pulmonary  artery  occlusion  pressure  (PAOP) 
measurements.  Pressure  recording  utilized  a  polygraph  (Model  79D,  Grass  Instrument  Co., 
Quincy,  MA)  and  transducers  (Model  P23,  Gould,  Inc.,  Oxnard,  CA).  Core  temperature, 
monitored  continuously  using  the  thermistor  on  the  pulmonary  artery  catheter,  was 
maintained  using  a  37°C  heating  pad  applied  to  the  trunk  and  extremities.  Cardiac  output 
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was  measured  using  thermodilution  (Model  9520A,  American  Edwards,  Santa  Ana,  CA). 
All  transducers  were  intermittently  zeroed  and  calibrated.  To  facilitate  rapid  hemorrhage 
and  reduce  autotransfusion  from  the  splenic  reservoir,  ail  animals  underwent  splenectomy. 
Animals  were  then  turned  to  the  prone,  "sphinx"  position  and  the  occipital  musculature 
dissected  from  the  underlying  bone.  The  superior  sagittal  sinus  was  cannulated  for  sagittal 
sinus  pressure  monitoring  and  for  rapid  sampling  of  cerebral  venous  blood.  An  18-ga 
catheter  inserted  into  the  cisterna  magna  and  zeroed  at  the  level  of  the  external  auditory 
meatus  (7  cm  above  the  left  atrium)  provided  continuous  monitoring  of  ICP. 

Regional  Cerebral  Blood  Flow  Measurement 
Regional  cerebral  blood  flow  (rCBF)  was  measured  with  15  pm  radiolabelled 
microspheres  (I53Gd,  ^Nb,  n3Sn,  ^Sr,  and  ^Sc),  using  the  organ  reference  sample  method 
(18,19).  Paired  reference  organ  blood  samples  (ROBS)  were  withdrawn  simultaneously 
(Model  843  Infusion  Withdrawal  Syringe  Pump,  Edco  Scientific,  Inc.,  Chapel  Hill,  NC). 
Prior  to  injection,  microspheres  were  vortexed  for  4  minutes.  Each  microsphere  dose  was 
calculated  to  yield  greater  than  400  microspheres  per  tissue  segment  and  a  minimum  of 
15,000  counts  per  ROBS.  Injection  of  each  microsphere  type  was  carried  out  over  a  15- 
second  period.  The  ROBS  were  taken  beginning  30  seconds  prior  to  microsphere  injection 
and  continued  for  60  seconds  post-injection,  at  a  withdrawal  rate  of  2.06  ml^min'1.  Counts 
per  minute  (CPM)  in  ROBS  pairs  differed  by  no  more  than  5%.  After  sacrificing,  brains 
were  sectioned  into  right  cerebral  hemisphere,  left  cerebral  hemisphere,  and  brainstem,  and 
counted  along  with  the  arterial  reference  samples  in  a  well-tvpe  gamma  counter  (Auto- 
Gamma  5000,  Packard  Instruments,  Downers  Grove,  IL).  Aliquots  of  microspheres  labelled 
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with  each  radionuclide  were  counted  along  with  the  blood  and  tissue  samples,  and  curve 
stripping  to  correct  for  isotope  overlap  was  performed  using  a  microcomputer. 

Experimental  Sequence 

The  experimental  sequence  is  summarized  in  Fig.  1.  After  instrumentation,  all 

animals  were  stabilized  for  30  minutes  and  baseline  (BL)  data  recorded.  Recorded  data 

included  hemodvnamic  data  plus  serum  osmolality  (5500  vapor  pressure  osmometer,  Wescor, 

Inc.,  Logan,  UT),  colloid  oncotic  pressure  (4100  colloid  osmometer,  Wescor,  Inc.),  and 

arterial  and  cerebral  venous  pH,  PC02,  P02,  02  saturation,  and  hemoglobin  concentration 

(IL813  and  IL282,  Instrumentation  Laboratory,  Lexington,  MA).  Mean  arterial  pressure 

(MAP),  cerebral  perfusion  pressure  (CPP),  cerebral  metabolic  rate  for  oxygen  (CMROz), 

and  cerebrovascular  resistance  (CVR)  were  calculated  from  standard  formulae.  CBF  was 

derived  from  the  formula: 

CBF  =  Ct  x  withdrawal  rate  x  100 

Cr  x  wt 

where  C,  =  CPM  in  the  tissue  sample,  Cr  =  CPM  in  the  reference  sample 
and  wt  =  weight  of  the  tissue  sample. 

After  anticoagulation  with  heparin  (500  IU^kg"1  intravenously),  blood  was  rapidly 
withdrawn  through  the  right  brachial  artery  catheter  to  reduce  MAP  to  45  mm  Hg;  MAP 
was  maintamed  at  that  level  for  30  minutes  by  removing  or  reinfusing  shed  blood. 

The  second  set  of  cerebral  and  hemodynamic  data  was  obtained  at  the  mid-shock 
time  interval,  designated  as  T 15,  indicating  the  number  of  minutes  from  the  onset  of  shock. 
Following  the  shock  interval,  animals  were  randomized  to  one  of  two  fluid  groups,  based 
upon  the  type  of  resuscitation  fluid:  Group  HS  received  6.0  ml^kg'1  of  7.2%  saline  (1232 


7 


mEq«L']  Na+),  and  group  HES  received  6.0  mlakg'1  of  20%  hydroxyethyl  starch  dissolved 
in  0.8%  saline  (137  mEqeL/1  Na+).  Previous  studies  had  demonstrated  the  acute  efficacy 
of  a  similar  volume  and  concentration  of  hypertonic  saline  (8);  the  concentration  of 
hydroxyethyl  starch  was  selected  to  provide  the  maximum  dose  of  colloid  that  could  be 
effectively  infused  in  a  volume  equal  to  that  of  the  hypertonic  fluid.  Additional  data  were 
collected  immediately  after  fluid  infusion  (T35)  and  thereafter  at  hourly  intervals  for  two 
hours  (T95,  T155). 

Statistical  Analysis 

All  statistical  analyses  were  performed  using  SAS  (SAS  Institute,  Cary,  NC).  The 
Kruskal-Wallis  test  confirmed  similarity  at  baseliue  and  during  shock.  A  multivariate 
repeated  measures  of  analysis  of  variance  (ANOVA)  was  performed  to  determine  if 
interactions  between  groups  and  time  existed  at  subsequent  post-resuscitation  intervals  (20). 
Interactions  were  analyzed  further  with  the  Holm’s  sequentially  rejective  multiple  test 
procedure  using  a  significance  level  of  0.05  (21 ).  To  assess  time  and  group  differences  when 
an  interaction  was  not  present,  a  multivariate  repeated  measures  ANOVA  and  an  analysis 
of  covariance  were  performed  on  the  dependent  variables.  Statistically  significant  group 
effects  were  further  evaluated  using  Holm’s  sequentially  rejective  multiple  test  procedure. 
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RESULTS 
Systemic  Variables 

All  values  in  the  text,  tables,  and  figures  are  expressed  as  means  ±  SEM. 

Mean  Arterial  Pressure 

Body  weight  and  shed  blood  volume  were  similar  in  the  two  groups  (Table  1). 
Baseline  MAP  in  the  two  experimental  fluid  groups  was  comparable,  then  was  maintained 
experimentally  near  45  mm  Hg  for  30  minutes  prior  to  fluid  resuscitation  (Figure  2A). 
Immediately  following  acute  fluid  resuscitation  (T35),  MAP  increased  similarly  in  the  HS 
and  HES  groups,  to  82  ±  3.8  (mean  ±  SEM)  and  78  ±  3.5  mm  Hg,  respectively.  There 
were  no  statistically  significant  differences  in  MAP  at  T95  or  T155. 

Cardiac  Output 

Baseline  cardiac  output  was  similar  (3.2  ±  0.4  Lamin'1  in  HS  and  3.9  ±  0.2  Lamin'1 
in  HES)  (Figure  2B).  Hemorrhage  significantly  decreased  cardiac  output  to  approximately 
500c  of  baseline  in  both  groups.  After  resuscitation,  cardiac  output  approached  baseline 
levels  in  both  groups,  then  decreased  rapidly  in  the  HS  group  {p<  0.05  between  groups  at 
T95);  cardiac  output  in  the  HES  group  remained  similar  to  the  T35  level  for  the  duration 
of  the  experimental  period. 

Other  S/.;emic  Variables 

PaC02,  Hemoglobin  (Hgb),  PaO,,  pH,  blood  temperature,  and  PAOP  were  similar 
at  all  intervals  (Table  2).  Serum  osmolality  was  greatest  at  T155  in  the  HS  group  compared 
to  HES.  Colloid  oncotic  pressure  (as  %  of  baseline)  increased  significantly  following 
resuscitation  in  the  HES  group  compared  to  HS  (p<0.05)  (Table  3). 
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Cerebral  Hemodynamics 

Intracranial  Pressure 

Prior  to  initiation  of  shock,  there  were  no  differences  in  ICP  (7.2  ±  2.0  and  4.6  ± 
1.9  mm  Hg  in  the  HS  and  HES  groups,  respectively)  (Figure  3A).  ICP  declined,  though  not 
significantly,  during  shock.  Resuscitation  (T35)  increased  ICP  slightly  in  both  groups. 
Throughout  the  post-resuscitation  period,  ICP  in  both  the  HS  and  HES  groups  remained 
below  baseline  levels  without  significant  difference  between  groups. 

Cerebral  Perfusion  Pressure 

CPP  (Figure  3B)  followed  the  same  general  pattern  as  MAP.  CPP  was  not  restored 
to  baseline  by  either  fluid  following  resuscitation,  but  CPP  continued  to  increase  following 
resuscitation  in  the  HES  group,  reaching  a  maximum  at  T95.  No  differences  in  CPP  were 
detected  between  groups  at  any  time  period. 

Regional  Cerebral  Blood  Flow 

Regional  cerebral  blood  flow  (rCBF)  was  similar  between  right  and  left  cerebral 
hemispheres  and  brainstem  in  both  groups  at  baseline  (Figure  4).  Induction  of  hemorrhage 
resulted  in  small  (-20%)  reductions  in  rCBF  compared  to  baseline  (p  =  NS).  Fluid 
resuscitation  increased  rCBF  transiently  in  the  HS  group,  exceeding  baseline  (p  =  NS). 
Regional  CBF  in  both  groups  after  T35  was  similar  throughout  the  remainder  of  the 
experiment.  Because  arterial  content  (Ca02)  declined  as  Hgb  declined  (Table  2),  cerebral 
oxygen  transport  (CBF  x  CaO^  remained  below  baseline  values  after  resuscitation  in  both 
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groups  (Table  4).  CMRO,  did  not  change  significantly  over  the  course  of  the  study;  declines 
in  CBF  and  Ca02  were  balanced  by  increased  cerebral  oxygen  extraction. 
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DISCUSSION 

These  data  demonstrate  that  hyperoncotic  20%  HES  and  hypertonic  7.2%  saline 
produce  comparable  systemic  hemodynamic  and  cerebral  hemodynamic  improvement  when 
administered  in  equal  volumes,  approximating  15%  of  shed  blood  volume,  following 
hemorrhagic  shock.  Although  most  variables  remained  similar  throughout  the  two  hours 
following  resuscitation,  cardiac  output  declined  more  rapidly  in  animals  that  received  HS. 
Presumably,  this  represents  a  rapid  decline  in  the  acute  expansion  of  intravascular  volume 
associated  with  the  hypertonic  influsion.  This  conclusion  is  supported  by  the  more  rapid 
increase  in  Hgb  in  the  HS  group  following  resuscitation.  If  these  data  can  be  confirmed  in 
additional  animal  studies  and  in  clinical  trials,  highly  concentrated  colloid  solutions  may 
prove  as  practical  as  hypertonic  solutions  for  the  initial  resuscitation  and  stabilization  of 
victims  of  trauma,  including  those  with  intracranial  injuries. 

Interest  in  the  applicability  of  small-volume  resuscitation  for  trauma  patients  was 
stimulated  by  studies  performed  by  Velasco  and  colleagues  in  the  early  1980’s.  They  first 
demonstrated  that  dogs  subjected  to  a  hemorrhage  equal  m  approximately  one-half 
estimated  blood  volume  could  be  effectively  resuscitated  using  15%  saline  in  a  dose  of  4.0 
ml  •kg'1,  a  volume  that  was  only  about  one  tenth  of  the  initial  shed  blood  volume  (1).  They 
subsequently  demonstrated  that  hypertonic  saline  improved  systemic  hemodynamics  only  if 
a  vagally  mediated  reflex  arc  were  intact  (2).  Subsequent  investigators  demonstrated  that 
hypertonic  resuscitation  fluid  might  be  particularly  appropriate  if  hemorrhage  accompanied 
head  injury,  because  hypertonic  saline  produced  lower  post-resuscitation  ICP  than  did 
conventional  crystalloid  solutions  (8-12).  Colloid-containing  solutions  also  were  associated 
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with  lower  ICP  following  resuscitation  than  conventional  crystalloid  solutions,  although  the 
advantage  over  conventional  fluids  was  less  prominent  and  consistent  than  the  advantages 
of  hypertonic  solutions  (9,11,12,22,23). 

However,  hypertonic  solutions  carry  several  major  liabilities  in  comparison  to 
resuscitation  with  either  crystalloid  or  colloid  solutions.  First,  the  systemic  effects  of  acute 
administration  of  hypertonic  solutions  on  cardiac  output  tend  to  be  transient  (6-8).  The 
present  data  confirm  those  previous  observations.  Although  MAP  declined  little  in  the  HS 
group  from  T35  to  T155,  cardiac  output  declined  precipitously.  In  contrast,  concentrated 
HES  maintained  stable  levels  of  cardiac  output  throughout  the  post-resuscitation  inter/al. 
Numerous  investigators  have  attempted  to  increase  the  duration  of  the  desirable 
hemodynamic  effects  of  hypertonic  solutions  by  adding  colloid  (5-7,24).  However,  previous 
studies  have  not  defined  a  concentration  of  colloid  alone  that  produced  comparable  early 
hemodynamic  effects  when  infused  in  a  small  volume. 

One  consequence  of  hemorrhage  followed  by  resuscitation  without  red  blood  cells 
is  the  production  of  post-resuscitation  hemodilution.  The  cerebral  effects  of  hemodilution 
and  of  changes  in  osmolality  and  oncotic  pressure  have  been  extensively  investigated  in 
animals  that  have  not  been  subjected  to  hemorrhagic  shock.  Tommasino  and  colleagues 
isovolemically  hemodiluted  anesthetized  rabbits  with  lactated  Ringer’s  solution  to  reduce 
hematocrit  from  approximately  40%  to  19%  (25).  Lactated  Ringer’s  solution,  which  is 
slightly  hypotonic  relative  to  plasma,  produced  early  increases  in  ICP  and  brain  water  that 
rapidly  resolved.  Six  percent  HES  did  not  alter  ICP  or  brain  water.  Hemodilution  with 
either  fluid  was  associated  with  an  increase  in  CBF  of  approximately  50%.  Isovolemic 
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hemodilution  using  a  hypertonic  solution  (Na+  252  rnEq^l'1)  reduced  1CP  and  brain  water 
and  increased  CBF  50%  (26). 

Zornow  and  colleagues  used  hollow-fiber  plasmapheresis  to  acutely  alter  plasma 
osmolality  or  colloid  oncotic  pressure  in  rabbits  and  demonstrated  that  acute  reductions  of 
13  ±  6  mOsm^kg'1  in  plasma  osmolality  significantly  decreased  ICP  and  increased  cortical 
water  content,  but  that  a  65%  reduction  in  oncotic  pressure  from  20  ±  2  mm  Hg  to  7  ±  1 
mm  Hg  produced  no  change  (27).  Following  cryogenic  brain  injury,  sustained  reductions 
in  colloid  oncotic  pressure  also  produced  no  significant  differences  in  ICP  or  brain  water 
(28).  Warner  and  Boehland  showed  that  brain  water  increased  after  infusion  of  blood  or 
isovolemic  hemodilution  with  0.9%  NaCl  or  6.0%  HES  following  10  minutes  of  near- 
complete  forebrain  ischemia  (29)  in  rats.  Bram  water  increased  regardless  of  the  fluid  that 
was  infused  (29). 

However,  hemodilution  following  shock  appears  to  exert  different  cerebrovascular 
effects  than  isovolemic  hemodilution  occurring  without  intervening  shock.  In  most  studies, 
hemodilutional  resuscitation  fails  to  improve  CBF  sufficiently  to  offset  the  decline  in  CaO, 
produced  by  a  reduction  in  Hgb  (8,22,23).  During  resuscitation  following  a  30-minute  shock 
interval  in  dogs,  Prough  and  colleagues  reduced  Hgb  from  13.1  ±  0.6  to  7.0  ±  0.6  g»dl4 
with  lactated  Ringer’s  solution  and  from  13.5  ±  0.4  to  8.4  ±  0.4  godl'1  with  7.5%  saline  and 
found  that  neither  increased  CBF  above  shock  values  (10).  CBF  similarly  failed  to  increase 
following  hemodilutional  resuscitation  with  6.0%  hydroxyethyl  starch  in  animals  both  with 
and  without  intracranial  mass  lesions  (22,23).  The  immediate  post-resuscitation  increase  in 
the  present  study  may  reflect  the  shorter  interval  required  to  measure  rCBF  using 
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microspheres  in  comparison  to  the  133Xenon  clearance  technique  in  the  previous  studies 
(22,23,8).  Following  hemorrhagic  shock  of  three  hours  duration  in  pentobarbital- 
anesthetized  dogs  (30),  resuscitation  with  dextran  restored  CBF  nearly  to  baseline  but  failed 
to  increase  CBF  as  would  be  expected  as  a  consequence  of  hemodilution  (30). 

The  slight  decline  in  CBF  produced  by  a  MAP  of  45  mm  Hg  in  this  study  is 
consistent  with  that  produced  by  hemorrhagic  hypotension  in  baboons  (31),  cats  (32),  and 
dogs  (8,33).  Although  restoration  of  MAP  in  the  presence  of  intact  autoregulation  should 
restore  CBF,  shocked  animals  may  also  require  more  aggressive  expansion  of  intravascular 
volume  to  increase  CBF.  After  two  hours  of  hemorrhagic  shock  in  baboons,  McNamara  and 
colleagues  returned  shed  blood,  then  infused  additional  lactated  Ringer’s  solution  as 
necessary  to  restore  either  baseline  left  atrial  pressure  or  baseline  MAP  (34).  Using  either 
regimen,  they  were  able  to  increase  CBF  to  values  exceeding  baseline.  However,  they  did 
not  report  Hgb  or  hematocrit  values  in  those  animals. 

In  the  present  study,  immediately  following  resuscitation,  CBF  increased  only  to 
baseline  values  in  the  HES  group.  Although  the  HS  group  demonstrated  an  increase  in 
CBF  sufficient  to  offset  partially  the  reduction  in  hemoglobin,  the  increase  in  CBF,  like  the 
increase  in  cardiac  output,  was  transient.  Although,  by  definition,  these  animals  were  not 
normovolemic  following  small-volume  resuscitation,  MAP  throughout  the  post-resuscitation 
interval  was  well  in  excess  of  the  experimental  autoregulatory  threshold  for  dogs  (33). 

One  possible  mechanism  explaining  the  difference  between  hemodilution  following 
shock  and  isovolemic  hemodilution  without  antecedent  shock  is  the  magnitude  of 
sympathetic  stimulation.  Fitch  and  colleagues  demonstrated  that  alpha  blockade,  an 
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intervention  that  does  not  alter  resting  CBF,  increases  CBF  in  hypotensive  animals  (31). 
Perhaps  the  greater  volume  expansion  produced  by  McNamara  (34)  and  colleagues  or 
Gunnar  and  colleagues  (12)  reduced  the  level  of  circulating  catecholamines. 

In  the  present  study,  the  effects  on  ICP  of  fluid  resuscitation  following  shock  (rather 
than  isovolemic  hemodilution  without  shock)  are  consistent  with  those  in  other  studies  of 
shock  and  resuscitation.  Prough  and  colleagues  administered  6.0  mlskg'1  of  7.5#  saline  to 
dogs  after  30  minutes  of  hemorrhagic  shock  and  noted  that  ICP  declined  during  shock  and 
remained  low  in  those  animals  that  received  hypertonic  saline  but  increased  in  those  that 
received  lactated  Ringer’s  solution  (8).  In  dogs  with  and  without  intracranial  mass  lesions, 
20  ml^kg'1  of  6.0#  HES  produced  lower  ICP  post-resuscitation  than  did  lactated  Ringer’s 
solution  (22,23).  Gunnar  and  colleagues  induced  hemorrhagic  shock  (MAP  =40  mm  Hg  for 
one  hour)  in  barbiturate-anesthetized  dogs, then  reinfused  50#  of  the  shed  blood  followed 
by  a  volume  equal  to  shed  blood  volume  of  0.9#  saline,  3.0#  hypertonic  saline,  or  10#  low 
molecular  weight  dextran  in  0.9#  saline  (9,11,12).  MAP  and  cardiac  output  were  similarly 
restored  by  all  three  fluid  resuscitation  regimens.  ICP  was  lowest  in  the  animals  that  had 
received  hypertonic  saline  and  remained  lowest  throughout  most  of  the  resuscitation 
interval  In  the  two  groups  of  animals  that  had  received  0.9%  saline  or  dextran,  ICP  was 
equal  (9,11,12).  Because  of  the  complexity  of  the  fluid  resuscitation  regimen  in  that  study, 
it  is  difficult  to  directly  compare  it  with  the  single  bolus  of  fluid  employed  in  the  present 
study.  However,  the  animals  in  the  earlier  study  would  certainly  have  had  a  higher  blood 
volume  throughout  the  post-resuscitation  interval  than  the  animals  reported  here. 
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Based  upon  the  data  presented  here,  we  conclude  that  highly  concentrated  HES 
solutions  may  represent  an  appropriate  alternative  to  hypertonic  saline  for  acute,  small- 
volume  resuscitation  of  trauma  victims.  These  data  should  be  interpreted  with  caution 
because  these  animals  had  no  experimental  intracranial  pathology.  Further  studies  are 
necessary  to  define  the  effects  of  highly  concentrated  colloid  solutions  and  hypertonic 
solutions  in  animals  with  intracranial  pathology. 
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Table  1.  Comparison  of  Weight,  Shed  Blood  Volume,  and  Resuscitation  Volume 

(means  ±  SEM) 


Group 

N 

Body  Weight 
(kg) 

Shed  Blood  Volume 
(ml  o  kg'1) 

Resuscitation  Volume 
(mJftkg'1) 

HS 

6 

20±  1.6 

35  ±3.7 

6.0 

HES 

6 

22  ±0.7 

32  ±4.7 

6.0 
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Table  2.  Major  Systemic  Variables  (Means  ±  SEM) 


Variable 

Group 

BL 

T15 

Time  Interval 

T35  T95 

T155 

PaCO, 

HES 

40.9  ±0.3 

40.6  ±0.4 

4 1.3  ±0.4 

39.9±  1.0 

40.7  ±0.5 

(mm  Hg) 

HS 

39.5  ±0.6 

40.2  ±1.7 

40.4  ±0.9 

41.8±2.4 

38.9  ±0.5 

Hgb 

HES 

12.9  ±0.9 

10.8  ±0.8 

8.6  ±0.7 

9.1  ±0.6 

9.5  ±0.8 

(g»dl-') 

HS 

13.8±  1.0 

1 1.3  ±  1.0 

8.4  ±0.7 

10.7  ±0.7 

10.2±  1.3 

PaO, 

HES 

170±  13 

154  ±11 

167  ±14 

176  ±12 

183  ±  13 

(mm  Hg) 

HS 

191  ±  13 

188  ±9 

197  ±  9 

176±5 

183  ±14 

pH 

HES 

7.4  ±0.0 

7.3  ±0.0 

7.3  ±0.0 

7.3  ±0.0 

7.3  ±0.0 

HS 

7.4  ±0.0 

7.3  ±0.0 

7.2  ±0.0 

7.2  ±0.0 

7.2  ±0.0 

Temp 

HES 

37.5  ±0.2 

38.0  ±0.2 

37.9  ±0.2 

37.9  ±0.4 

38.3  ±0.4 

(°C) 

HS 

37.4  ±0.4 

38.1  ±0.4 

37.8  ±0.2 

38.3  ±0.5 

38.9  ±0.4 

PAOP 

HES 

5.4  ±  1.4 

1.3  ±0.5 

0.9  ±1.3 

2.1  ±0.8 

3.0±  1.3 

(mm  Hg) 

HS 

3.8  ±2.1 

0.1  ±1.2 

3.1  ±1.7 

3.1  ±0.6 

2.4  ±0.7 

PaC02  =  partial  pressure  of  carbon  dioxide  in  arterial  blood,  Hgb  =  hemoglobin;  Pa02  =  partial  pressure  of 
Dxygen  in  arterial  blood;  Temp  =  blood  temperature  measured  using  the  thermistor  on  the  pulmonary  artery 
catheter;  PAOP  =  pulmonary  artery  occlusion  ("wedge’’)  pressure 
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Table  3.  Serum  Osmolality  and  Colloid  Oncotic  Pressure  (Means  ±  SEM) 


Variable 

Group 

Time  Interval 

BL 

T155 

Serum  Osmolality 

HS 

292  ±12 

324  ±4 

(mOsmeL'1) 

HES 

291  ±8 

307  ±6 

Colloid  Oncotic 

HS 

100±0 

70±4 

Pressure  (%  baseline) 

HES 

100±0 

U0±1* 

*p  <  0.05  HES  vs  HS. 
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Table  4.  Cerebral  Hemodynamic  Variables  (Means  ±  SEM) 


Variable 

Group 

Time  Interval 

BL 

T15 

T35 

T95 

T155 

CO,T 

HES 

10.9+1.1 

7.1  ±0.4 

7.2  ±0.5 

6.7  ±0.4 

59±Q8 

(ml®  lOOg'^min'1) 

HS 

10.6  ±1.2 

6.9  ±0.8 

9.9  ±  1.8 

7.8±  1.0 

6l7±1j0 

cmro2 

HES 

3.5  ±0.4 

3.5  ±0.2 

3.3  ±0.4 

3.3  ±0.2 

3jO±02 

(mlftlOOg'^min"1) 

HS 

2.8  ±0.4 

3.2  ±0.4 

3.5  ±0.6 

3.4  ±0.4 

33±Q3 

Cerebral 

HES 

5.5  ±0.2 

7.2  ±0.7 

5.5  ±0.6 

6.2  ±0.4 

7.4±09 

A-VDO, 

(ml*100"ml‘!) 

HS 

5.3  ±0.9 

7.6  ±1.2 

4.2  ±0.4 

6.7  ±0.9 

7.4  ±09 

C02T  =  cerebral  oxygen  delivery  (CBF  x  Ca02);  CMR02  =  cerebral  metabolic  oxygen 
consumption  (cerebral  blood  flow  x  arterial  oxygen  content);  Cerebral  A-VDOz  =  difference 
in  oxygen  content  between  arterial  and  sagittal  sinus  blood 
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FIGURE  LEGENDS 

Figure  1.  Experimental  sequence. 

Figure  2.  Response  of  mean  arterial  pressure  (A)  and  cardiac  output  (B)  following 
resuscitation  from  hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS)  or 
20%  hydroxyethyl  starch  (HES). 

Figure  3.  Response  of  intracranial  pressure  (A)  and  cerebral  perfusion  pressure  (B) 
following  resuscitation  from  hemorrhagic  shock  with  hypertonic  7.2%  saline 
(HS)  or  20%  hydroxyethyl  starch  (HES). 

Figure  4.  Response  of  cerebral  blood  flow  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS)  or  20%  hydroxyethyl  starch  (HES). 
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ABSTRACT 

After  severe  hemorrhage,  hypertonic  saline  restores  systemic  hemodynamics  and 
lowers  intracranial  pressure  (ICP),  but  its  effects  on  regional  cerebral  blood  flow  (rCBF) 
when  used  for  resuscitation  of  experimental  animals  with  combined  shock  and 
intracranial  hypertension  have  not  been  reported.  We  compared  rCBF  changes 
(radiolabeled  microsphere  technique)  following  resuscitation  from  hemorrhage  with 
either  0.8%  or  7.2%  saline  in  animals  with  and  without  a  subdural  mass.  We  studied  24 
mongrel  dogs  anesthetized  with  0.5%  halothane  and  60%  nitrous  oxide.  In  Group  I 
(n=12),  hemorrhage  reduced  mean  arterial  pressure  (MAP)  to  45  mm  Hg  for  30 
minutes.  In  Group  II  (n  =  12),  ICP  was  increased  and  maintained  constant  at  15  mm  Hg 
while  hemorrhage  reduced  MAP  to  55  mm  Hg  for  30  minutes  (cerebral  perfusion 
pressure  «  40  mm  Hg  in  each  group).  After  the  30-minute  shock  period,  6  animals  in 
each  group  received  one  of  2  randomly  assigned  resuscitation  fluids  over  a  5-minute 
interval:  (1)  7.2%  hypertonic  saline  (HS;  sodium  1232  mEq^L'1;  volume  6.0  mUkg"1);  or 
(2)  0.8%  isotonic  saline  (SAL;  sodium  137  mEq^L'1;  volume  54  ml»kg_1).  Once  fluid 
resuscitation  began,  ICP  was  permitted  to  vary  independently  in  both  groups.  Data  were 
collected  at  baseline  (before  subdural  balloon  inflation  in  Group  II),  midway  through  the 
shock  interval  (T15),  immediately  after  fluid  infusion  (T35),  and  60  and  90  minutes  later 
(T95,  T155).  In  both  Groups  I  and  II,  ICP  was  significantly  lower  in  animals 
resuscitated  with  HS  compared  to  SAL  (p<0.05).  In  Group  I,  CBF  was  higher  at  T35 
following  resuscitation  with  HS  (p<0.05).  In  Group  II,  rCBF  was  significantly  higher  in 
HS-treated  than  in  SAL-treated  dogs  in  the  affected  hemisphere  (p<0.05).  We  conclude 
that,  when  used  for  resuscitation  from  hemorrhagic  shock  with  associated  intracranial 
fypertension,  7.2%  hypertonic  saline  reduces  ICP  and  increases  rCBF. 
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INTRODUCTION 

Hypotension  is  associated  with  increased  mortality  in  patients  who  have  suffered 
closed  head  injury.1  For  those  with  a  Glasgow  Coma  Score  <  8  on  admission  to  the 
hospital,  a  systolic  blood  pressure  <  90  mm  Hg  is  associated  with  a  risk  of  poor 
neurologic  outcome  that  is  13  times  greater  than  the  risk  of  those  in  whom  systolic 
arterial  pressure  exceeds  90  mm  Hg.2  Although  inadequate  cerebral  perfusion  during 
shock  or  subsequent  resuscitation  might  contribute  to  increased  mortality  and  morbidity, 
cerebral  circulatory  changes  during  acute  hemorrhage  and  resuscitation  have  not  been 
described  in  man.  Animal  models  must  provide  basic  information  about  changes  in 
intracranial  pressure  (ICP),  cerebral  blood  flow  (CBF),  and  cerebral  metabolism  during 
shock  and  resuscitation. 

Hemorrhagic  shock  reduces  ICP  in  animals  without  intracranial  pathology3  and 
reduces  ICP  to  an  even  greater  extent  if  an  intracranial  mass  lesion  exists.4,5  Subsequent 
restoration  of  blood  pressure  produces  a  rapid  increase  in  ICP,  the  magnitude  of 
increase  depending  upon  the  type  of  resuscitation  fluid  used.4,5  Small  volumes  (4.0-6.0 
mbkg1)  of  hypertonic  resuscitation  solutions  produce  a  minimal  increase  in  ICP  in 
comparison  to  the  large  increase  associated  with  conventional  crystalloid  solutions,3,6  yet 
produce  substantial  improvements  in  blood  pressure,  cardiac  output,  and  survival  after 
otherwise  lethal  hemorrhage.7'10  Hypertonic  solutions  are  associated  with  lower  ICP 
than  isotonic  fluids  even  when  employed  for  resuscitation  in  a  volume  sufficient  to 
produce  hyperdynamic  cardiac  output  values.5,11,12 

Resuscitation  with  highly  hypertonic  solutions  (>  7.0%  saline)  does  not  improve 
global  CBF  in  animals  with  normal  ICP;3  however,  the  effects  on  regional  (r)CBF  and 
ICP  have  not  been  reported  in  animals  with  hemorrhagic  shock  and  associated 


intracranial  hypertension.  The  following  study  was  designed  to  evaluate  and  compare 
the  effects  on  ICP  and  rCBF  of  resuscitation  from  hemorrhage  with  7.2%  saline  versus 
0.8%  saline  in  animals  with  and  without  intracranial  hypertension. 
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METHODS 

Twenty-four  mongrel  dogs  weighing  18-24  kg  were  handled  according  to 
guidelines  established  by  our  institution’s  Animal  Care  and  Use  Committee.  Dogs  were 
fasted  overnight,  anesthetized  with  intravenous  thiopental  sodium  (8.0  mgekg'1), 
paralyzed  with  intravenous  vecuronium  (0.2  mg^kg1),  endotracheally  intubated,  and 
maintained  under  anesthesia  with  halothane  0.5%  in  nitrous  oxide  and  oxygen  (60:40). 
Animals  were  mechanically  ventilated  at  a  rate  and  tidal  volume  (15  mUkg"1)  necessary 
to  maintain  normocarbia. 

Bilateral  brachial  artery  catheters  were  placed,  the  right  for  continuous 
monitoring  of  systemic  arterial  biood  pressure  and  the  left  as  a  reference  organ  for  CBF 
determinations  using  radioactive  microspheres.  A  7-Fr  pigtail  catheter  was  inserted  into 
the  left  ventricle  through  the  left  femoral  artery  for  injection  of  radioactive 
microspheres.  The  right  femoral  artery  was  cannulated  and  used  as  a  second  reference 
organ.  A  flow-directed,  pulmonary  arteiy  catheter  was  placed  via  the  right  external 
jugular  vein  to  measure  cardiac  output  (CO)  and  pulmonary  artery  occlusion  pressure 
(PAOP).  Hemodynamic  pressure  monitoring  utilized  a  Grass  79D  polygraph  (Grass 
Instrument  Co.,  Quincy,  MA)  with  Gould-Statham  P23  transducers  (Gould,  Inc.,  Oxnard, 
CA).  Systemic  and  pulmonary  artery  pressures  were  recorded  continuously;  PAOP  was 
measured  intermittently.  Core  temperature  was  monitored  continuously  by  a  thermistor 
on  the  tip  of  the  pulmonary  artery  catheter  and  normothermia  was  maintained  with  the 
use  of  a  heating  pad  applied  to  the  trunk  and  extremities.  CO  was  recorded 
intermittently  using  an  American  Edwards  9520A  CO  computer  (American  Edwards 
Laboratories,  Santa  Ana,  CA).  All  transducers  were  intermittently  calibrated  at  the 
level  of  the  left  atrium. 
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Following  splenectomy,  animals  were  turned  to  the  prone  "sphinx"  position,  and 
the  temporalis  and  occipital  musculature  dissected  from  the  skull.  After  heparinization 
(500  IU*kg_1),  the  confluence  of  the  sagittal  and  lateral  sinuses  was  cannulated  using  a  3- 
Fr,  double-lumen,  02  saturation  catheter  (American  Edwards  Laboratories,  Santa  Ana, 
CA)  for  continuous  monitoring  of  cerebral  venous  02  saturation  and  for  cerebral  venous 
sampling.  An  18-ga  catheter  inserted  into  the  cisterna  magna  and  zeroed  at  the  level  of 
the  external  auditory  meatus  (7  cm  above  left  atrial  level)  provided  continuous  ICP 
monitoring.  In  Group  II  animals,  the  dura  was  incised  through  a  right  temporoparietal 
burr  hole  and  the  balloon  tip  of  a  7-Fr  Foley  balloon  catheter  was  inserted  subdurally 
for  manipulation  of  ICP  during  the  shock  interval. 

CEREBRAL  BLOOD  FLOW  MEASUREMENT 

Cerebral  blood  flow  measurements  were  obtained  using  radioactive  microspheres 
(15  pm)  labelled  with  Gd  153,  Nb  95,  Sn  113,  Sr  85,  and  Sc  46  using  the  organ 
reference-sample  method.13  Paired  reference  organ  blood  samples  (ROBS)  were 
withdrawn  simultaneously  from  the  right  femoral  and  left  brachial  arteries  using  an  Edco 
Model  843  Infusion-Withdrawal  Syringe  Pump  (Edco  Scientific,  Inc.,  Chapel  Hiil,  NC). 
Prior  to  injection,  microspheres  were  vortexed  for  4  minutes  to  insure  adequate  mixing. 
The  dose  of  each  microsphere  type  was  calculated  to  yield  >  400  microspheres  per  tissue 
segment  and  a  minimum  of  15,000  counts  per  ROBS.  Injection  of  each  microsphere 
type  was  carried  out  over  15  seconds.  Each  ROBS  was  taken  beginning  30  seconds  prior 
to  microsphere  injection  and  continuing  for  60  seconds  post-injection,  at  a  withdrawal 
i  ate  of  2.06  ml* min1.  At  the  conclusion  of  the  experiment  the  animals  were  sacrificed, 


the  brains  were  removed,  dissected,  and  counted  along  with  the  arterial  reference 
samples  in  a  well-type  gamma  counter  (Auto-Gamma  5000,  Packard  Instruments, 
Downers  Grove,  IL).  Aliquots  of  microspheres  labelled  with  each  radionuclide  were 
counted  along  with  the  blood  and  tissue  samples.  Curve  stripping,  to  correct  for  isotope 
overlap,  was  performed  using  a  microcomputer  connected  to  the  gamma  counter. 
Cerebral  blood  flow  was  derived  from  the  formula: 

Blood  flow  =  Ct  x  withdrawal  rate  x  100  Eq.  1 

CrxWt 

where  C,  =  counts  per  minute  in  the  tissue  sample,  Cr  =  counts  per  minute  in  the 
reference  sample,  and  Wt  =  weight  of  the  tissue  sample.  rCBF  was  determined  for  the 
right  cerebral  hemisphere  (RCH),  left  cerebral  hemisphere  (LCH),  and  brainstem 
(BBF).  Global  CBF  was  calculated  as  a  weighted  mean  of  rCBF  from  all  samples. 

Baseline  (BL)  measurements  included:  CBF,  ICP,  systolic  and  diastolic  arterial 
pressures  (SAP  and  DAP),  systolic  and  diastolic  pulmonary  arterial  pressures  (PAS  and 
PAD),  PAOP,  CO,  and  serum  osmolality  (5500  vapor  pressure  osmometer,  Wescor,  Inc., 
Logan,  UT).  Arterial  and  cerebral  venous  pH,  PC02,  and  P02  were  measured  with  an 
IL  1306  blood  gas  analyzer,  and  arterial  and  cerebral  oxygen  saturation  and  hemoglobin 
(Hgb)  were  analyzed  in  an  II  282  CO-Oximeter  (Instrumentation  Laboratory,  Lexington, 
MA).  From  the  collected  data,  we  calculated  mean  arterial  pressure  (MAP  =  DAP  + 
1/3  [SAP  -  DAP]),  cerebral  perfusion  pressure  (CPP  =  MAP  -  ICP),  cerebral 
arteriovenous  oxygen  content  difference  (A-VDccre02),  and  the  cerebral  metabolic  rate 
for  02  (CMR02  =  CBF  x  A-VDcere02). 


Method  of  Hemorrhage 
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Figure  1  summarizes  the  measurement  intervals  and  interventions.  After 
instrumentation,  animals  were  stabilized  for  30  minutes  and  baseline  (BL)  data  were 
collected.  Immediately  following  baseline  data  collection  and  just  prior  to  the  initiation 
of  hemorrhagic  shock,  ICP  in  animals  prepared  with  subdural  balloons  (Group  II)  was 
increased  to  15  mm  Hg  by  balloon  inflation  (BI)  with  saline  and  maintained  at  that  level 
with  additional  inflation  volume  as  necessary  throughout  the  30-minute  hemorrhagic 
shock  interval.  All  animals  were  then  rapidly  hemorrhaged  via  the  right  brachial  artery, 
Group  I  to  a  MAP  of  45  mm  Hg  and  Group  II  to  a  MAP  of  55  mm  Hg  (target  cerebral 
perfusion  pressure  =  40  mm  Hg  in  both  groups),  and  maintained  by  further  removal  or 
re-infusion  of  shed  blood.  Cerebral  and  hemodynamic  data  were  obtained  halfway 
through  the  shock  interval,  designated  as  T15  (fifteen  minutes  from  the  onset  of  shock). 
At  T30,  animals  were  resuscitated  as  follows  (Table  1):  Group  I  animals,  (ICP  normal; 
n=12),  were  randomly  assigned  to  resuscitation  with  either  7.2%  saline  (HS;  6.0  mUkg'1) 
or  0.8%  saline  (SAL,  54  mUkg1).  The  volumes  were  chosen  to  provide  equal  sodium 
loads.  Animals  with  subdurai  mass  lesions  (Group  II)  were  also  randomly  assigned  to 
the  alternative  resuscitation  fluids  as  described  above.  In  Group  II,  just  prior  to 
resuscitation,  the  subdural  balloon  was  clamped  and  ICP  was  allowed  to  vary 
spontaneously  during  and  following  resuscitation.  Resuscitation  fluids  were  infused 
intravenously  over  a  5-minute  period  in  both  groups.  At  the  conclusion  of  infusion 
(T35),  a  third  data  set  was  obtained.  Animals  were  then  followed  for  two  hours  with 
data  collection  at  60-minute  intervals,  designated  as  T95  and  T155,  while  lactatec 
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Ringer’s  solution  was  infused  only  at  a  rate  sufficient  to  maintain  patency  of  intravenous 
catheters. 

Statistical  Analysis 

The  Kruskal-Wallis  test  was  used  to  assess  differences  between  groups  at  baseline 
and  during  shock.  A  multivariate  repeated  measures  analysis  of  variance  (ANOVA)  was 
performed  to  determine  if  interactions  between  HS  and  SAL  within  groups  existed  at 
subsequent  post-resuscitation  intervals.14  Interactions  were  analyzed  further  with  the 
Holm’s  sequentially  rejective  multiple  test  procedure  usir.g  a  significance  level  of  0.05.15 
To  assess  time  and  fluid  differences  within  groups  when  an  interaction  was  not  present, 
a  multivariate  repeated  measures  ANOVA  and  an  analysis  of  covariance  was  performed 
on  the  dependent  variables.  When  a  statistically  significant  fluid  effect  was  evident, 
Holm’s  sequentially  rejective  multiple  test  procedure  was  used  to  determine  significance. 
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RESULTS 

All  values  in  the  text,  tables,  and  figures  are  expressed  as  means  ±  SEM. 

Mean  body  weights  and  volumes  of  shed  blood  during  hemorrhage  for  Groups  I  (HS 
and  SAL)  and  II  (HS  and  SAL)  are  listed  in  Table  1.  Body  weights  and  shed  blood 
volumes  were  comparable  within  Group  I  and  within  Group  II.  Animals  in  Group  II 
required  less  blood  loss  because  the  target  MAP  exceeded  that  in  Group  I. 

Systemic  Data 

Both  subgroups  in  each  group  exhibited  comparable  MAP  at  baseline  and  during 
shock  (Figure  2).  In  response  to  fluid  resuscitation  (T35),  MAP  increased  similarly  with 
HS  and  SAL  in  both  groups  but  was  not  restored  to  baseline.  SAP  was  better  restored 
than  DAP  (Table  2). 

CO  (Table  2)  declined  during  hemorrhage  to  approximately  50%  of  baseline.  CO 
increased  following  resuscitation  in  all  groups;  in  both  Groups  I  and  II,  CO  was  better 
restored  by  SAL  (p<0.05).  No  significant  difference  between  HS  and  SAL  in  either 
group  remained  at  T95  or  T155.  PAOP  was  similar  among  subgroups  at  all  time 
intervals. 

Blood  temperature,  PaC02,  pH,  Pa02,  Hgb,  and  arterial  02  content  (Ca02)  were 
similar  among  subgroups  at  all  time  intervals  (Table  3).  Serum  osmolality  in  the  HS 
subgroup  of  Group  I  increased  significantly  with  fluid  resuscitation  and  continued  to 
increase  throughout  the  post-resuscitation  period  (p  <  0.05).  Serum  osmolality  in  the  HS 
subgroup  in  Group  II  increased,  but  not  significantly,  following  resuscitation  (Table  4). 
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Cerebral  Hemodynamic  Data 

Intracranial  Pressure 

ICP  (Figure  3)  was  similar  before  balloon  inflation  in  all  four  subgroups  and  was 
maintained  at  15  mm  Hg  throughout  the  shock  interval  in  Group  II.  Following 
resuscitation  with  SAL,  ICP  increased  markedly  in  both  groups  (T35).  In  contrast,  ICP 
did  not  rise  following  resuscitation  in  the  two  HS  subgroups.  Analysis  of  covariance 
confirmed  a  difference  between  HS  and  SAL  both  in  Group  I  (p<0.05)  and  in  Group  II 
(p  =  0.001)  at  T35.  During  the  2-hr  observation  period,  ICP  in  Group  I-SAL  decreased 
over  time  to  nearly  that  in  Group  I-HS,  which  remained  less  than  baseline  pre-shock 
values.  By  T95,  ICP  had  increased  slightly  in  Group  II-HS  but  remained  below  20  mm 
Hg,  whereas  ICP  in  Group  II-SAL  decreased  only  slightly  from  a  maximal  pressure  of 
34±3  mm  Hg  at  T35  to  28±3  mm  Hg.  There  were  no  significant  differences  between 
HS  and  SAL  in  Group  II  at  later  time  periods,  although  HS  did  maintain  lower  ICP 
throughout  the  experimental  period. 

Cerebral  Perfusion  Pressure 

CPP  (Figure  4)  followed  the  same  general  pattern  as  MAP.  CPP  was  not 
restored  to  baseline  in  either  group  by  HS  or  SAL  following  resuscitation.  No  statistical 
differences  in  CPP  were  detected  between  HS  and  SAL  in  Group  I  or  II  at  any  time 
period. 
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Global  CBF  and  Cerebral  Oxygen  Transport 

Kruskal-Wallis  testing  excluded  significant  differences  in  global  CBF  and  cerebral 
oxygen  transport  (C02T)  at  baseline  and  during  shock  (Table  5).  Induction  of 
hemorrhage  decreased  CBF  and  C02T  in  all  subgroups.  Fluid  resuscitation  increased 
CBF  in  both  fluid  subgroups  of  Group  I  to  baseline  or  greater  at  T35  with  significantly 
greater  blood  flows  measured  in  the  HS  subgroup  compared  to  SAL  (p<0.05).  C02T  in 
the  HS  subgroup  of  Group  I  increased  to  baseline  with  resuscitation,  then  decreased 
over  time.  The  increase  of  CBF  at  T35  was  sufficient  to  offset  the  acute  decline  in 
Ca02  produced  by  hemodilution.  In  contrast,  C02T  in  the  SAL  subgroup  of  Group  I 
decreased  immediately  following  resuscitation;  the  small  increase  in  CBF  failed  to  offset 
the  decline  in  Ca02. 

In  Group  II,  neither  fluid  restored  CBF  to  baseline  following  resuscitation. 
Because  the  increase  in  CBF  slightly  exceeded  the  hemodilution-induced  decline  in 
Ca02,  C02T  increased  slightly  at  T35  in  the  HS  subgroup  of  Group  II,  then  declined. 
The  SAL  subgroup  of  Group  II  showed  progressive  deterioration  in  C02T  after 
resuscitation  (p<0.05  vs  HS  at  T35,  T95,  and  T155).  In  Group  II  (subdural  mass),  HS 
animals  had  significantly  better  cerebral  blood  flow  compared  to  SAL  throughout  the 
experimental  period  (p<0.05  at  T35,  T65,  and  T155). 

Regional  CBF 

rCBF  changes  are  illustrated  in  Figure  5.  There  were  no  differences  in 
hemispheric  rCBF  between  HS  or  SAL  in  either  Group  I  or  II  at  baseline  or  during 
shock  (Figure  5).  In  Group  I,  fluid  resuscitation  increased  rCBF  in  the  right  cerebral 
hemisphere  at  T35  above  baseline  with  HS  and  to  baseline  with  SAL  (p<0.05  HS  vs 
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SAL).  By  T95,  RCH  blood  flow  in  Group  I  (no  mass  lesion)  had  stabilized  at  shock 
levels  with  no  further  changes  observed. 

Induction  of  hemorrhage  resulted  in  marked  reductions  in  rCBF  in  the  right 
cerebral  hemisphere  in  Group  II  (subdural  mass)  animals.  In  Group  II,  rCBF  in  the 
right  cerebral  hemisphere  remained  lower  than  baseline  after  administration  of  either 
fluid.  HS  did  increase  rCBF  in  the  right  cerebral  hemisphere  somewhat,  in  contrast  to 
SAL,  which  did  not  improve  blood  flow  to  the  right  hemisphere.  RCH  blood  flow  in 
Group  II  animals  resuscitated  with  SAL  continued  to  decline  during  the  observation 
period  to  <  10  ±  4  mUlOOg'^min'1.  By  analysis  of  covariance,  a  significant  difference 
(p<0.05)  existed  between  RCH  blood  flow  in  HS  and  SAL  resuscitated  animals  in 
Groups  at  T35.  In  the  SAL  subgroup  of  Group  II,  RCH  blood  flow  decreased  further  to 
flows  less  than  those  measured  during  the  shock  period.  A  significant  difference 
between  HS  and  SAL  in  Group  II  was  still  present  at  T95  and  T155  (p<0.05). 

LCH  blood  flow  (Figure  5)  in  Group  I  mirrored  the  pattern  found  in  RCH.  In 
Group  II,  LCH  blood  flow  was  restored  to  baseline  by  HS;  SAL  produced  minimal 
improvement.  The  difference  in  Group  II  LCH  blood  flow  between  HS  and  SAL  at  T35 
and  T95  approached  significance  (p=0.06). 

BBF  (Figure  5)  was  similar  between  HS  and  SAL  in  Groups  I  and  II  at  baseline 
and  during  shock,  with  insignificant  changes  in  BBF  due  to  hemorrhage  in  either  group. 
Resuscitation  increased  BBF  immediately  following  infusion  of  HS  and  SAL  in  both 
groups,  to  baseline  or  greater.  BBF  in  both  groups  stabilized  at  baseline  levels  and  did 
not  significantly  decline  throughout  the  experimental  period. 


Cerebral  Metabolic  Rate  of  Oxygen 

CMR02  in  Group  I  increased  slightly  during  hemorrhage  and  remained  similar 
for  the  remainder  of  the  experiment  (Table  5).  CMR02  gradually  declined  in  both 
Group  II  subgroups  following  resuscitation.  Although  not  statistically  different,  HS 
appeared  to  be  associated  with  greater  utilization  of  oxygen  in  Group  II  animals 
following  resuscitation. 
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DISCUSSION 

There  is  currently  a  growing  interest  in  the  use  of  hypernatremic/hypertonic 
crystalloid  solutions  for  intravascular  volume  replacement  following  hemorrhage.  Such 
solutions  can  (1)  effectively  restore  circulatory  homeostasis  in  smaller  total  fluid  volumes 
as  compared  to  isotonic  crystalloid  solutions,3,7,8,11,16  (2)  improve  myocardial 
contractility,17  and  (3)  lower  pulmonary  artery  pressures  and  systemic  resistance.18'20 
Their  low  cost  and  long  shelf  life  make  hypertonic  solutions  attractive  for  acute 
resuscitation  following  major  trauma  either  in  the  hospital  or  at  the  scene  of  the  injury. 

The  major  potential  physiologic  advantage  of  hypertonic  resuscitation  solutions  is 
that  ICP  is  not  increased  as  it  is  by  conventional  resuscitation  solutions  such  as  lactated 
Ringer’s  solution,  a  slightly  hypotonic  fluid.  However,  lower  ICP  alone  is  not  a  sufficient 
justification  for  hypertonic  resuscitation.  CBF  is  dependent  on  CPP  which  in  turn  is 
more  powerfully  influenced  by  MAP  than  ICP  because  the  magnitude  of  ICP  is  so  much 
less.3  Therefore,  before  employing  hypertonic  solutions  for  resuscitation,  it  is  essential 
to  determine  if  CBF  is  improved,  particularly  under  circumstances  where  reduced 
intracranial  compliance  amplifies  the  cerebral  physiologic  difference  between  hypertonic 
and  slightly  hypotonic  fluids. 

These  data  further  clarify  the  cerebral  physiologic  effects  of  hypertonic 
resuscitation  solutions  when  compared  to  comparable  sodium  !oads  administered  as 
slightly  hypotonic  solutions.  At  comparable  levels  of  CPP  in  both  groups  immediately 
following  resuscitation,  the  hypertonic  solution  was  associated  with  higher  CBF  than  the 
slightly  hypotonic  crystalloid  solution,  although  that  tendency  rapidly  disappeared  in 
animals  without  intracranial  hypertension.  However,  in  animals  with  intracranial  mass 
lesions,  the  difference  in  rCBF  persisted  throughout  the  120  minute  post-resuscitation 
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interval,  despite  comparable  increases  in  CPP.  In  fact,  in  both  subgroups  of  Group  II, 
CPP  was  restored  to  a  level  associated  with  preserved  autoregulation  in  animals  without 
intracranial  pathology.21 

These  data  also  expand  existing  information  regarding  the  effects  of  hypertonic 
resuscitation  solutions  on  ICP.  The  intact  blood-brain  barrier  is  poorly  permeable  to 
sodium.  Therefore,  changes  in  serum  sodium  and  associated  changes  in  osmolality  cause 
rapid  changes  in  ICP  and  in  brain  water.  Isovolemic  hemodilution  with  hypertonic 
lactated  saline  (252  mEq^L'1  Na+)  decreases  ICP  and  brain  water  in  comparison  to  0.9% 
saline.22  Zornow  and  colleagues  used  plasmapheresis  to  acutely  reduce  serum  osmolality 
or  oncotic  pressure  in  rabbits  and  demonstrated  that  small  decreases  in  serum  osmolality 
increased  both  ICP  and  brain  water.23 

The  major  objective  of  the  present  study  was  to  characterize  further  the  cerebral 
hemodynamic  changes  that  occur  following  resuscitation  with  HS  after  severe 
hemorrhage  associated  with  reduced  intracranial  compliance.  In  this  model,  6  ml»kg 1  of 
7.2%  saline  replaced  17%  of  the  shed  blood  volume,  in  marked  contrast  to  conventional 
crystalloid  replacement  therapy  which  requires  ieplacement  of  2-3  times  blood  loss.  The 
potential  value  of  hypertonic  saline  as  a  resuscitation  fluid  after  hemorrhagic  shock  with 
severe  CNS  injury  is  evident  from  the  reduction  in  ICP  seen  immediately  following 
resuscitation,  since  it  is  well  established  that  increases  in  ICP  commonly  occur  following 
conventional  crystalloid  resuscitation  as  confirmed  in  this  present  series  of  experiments. 
The  effect  of  HS  on  ICP  was  apparent  throughout  the  post-resuscitation  period  in 
Group  II-HS;  at  no  time  did  ICP  exceed  20  mm  Hg  as  it  did  consistently  in  Group  II- 
SAL.  Because  inflation  of  a  subdural  balloon,  unlike  clinical  or  experimental  head 
injury,  is  not  associated  with  acceleration-deceleration  trauma,  it  is  possible  that  the 
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ability  of  the  intracranial  contents  to  compensate  for  an  increase  in  intracranial  volume 
was  greater  in  these  animals  than  could  be  expected  following  a  concussive  injury. 
Nonetheless,  it  is  readily  apparent  that  HS  is  superior  to  isotonic  crystalloid  solutions  in 
minimizing  ICP  inci  eases  due  to  rapid  fluid  infusion  following  hemorrhage. 

Hypertonic  saline  has  been  associated  with  a  lower  ICP  than  isotonic  salt 
solutions  when  used  for  resuscitation  from  hemorrhagic  shock.3-5,11-12  Prough  and 
colleagues  compared  a  single  bolus  of  7.5%  hypertonic  saline  (6.0  ml*kg_1)  to  lactated 
Ringer’s  solution  (60  ml-kg'1)  following  a  30-minute  shock  interval  produced  by  blood 
loss  of  approximately  40  ml»kg 1  in  mongrel  dogs.3  Hypertonic  saline  was  associated 
with  a  significantly  lower  post-resuscitation  ICP  than  lactated  Ringer’s  solution,  but  a 
similar,  reduced  level  of  CBF  and  cerebral  oxygen  transport.  The  superior  rCBF 
achieved  with  HS  in  the  present  study  may  reflect  the  greater  precision  of  measurements 
of  CBF  using  radiolabelled  microspheres  in  comparison  to  the  133Xenon  clearance 
technique  employed  in  the  earlier  study.  In  addition,  microsphere  measurements  require 
less  time  to  perform  and  therefore  may  have  more  accurately  identified  an  early 
transient  peak  in  CBF. 

Gunnar  and  colleagues  compared  3.0%  saline,  0.9%  saline,  and  a  10%  solution  of 
dextran-40.11  Following  a  one-hour  interval  of  hemorrhagic  shock,  the  investigators 
returned  one-half  of  the  shed  blood,  infused  one  of  the  test  fluids  in  a  volume  equal  to 
shed  blood,  then  infused  1500  ml  of  0.9%  saline  over  the  ensuing  1.25  hours.11  In  that 
study,  ICP  in  the  group  that  had  received  0.9%  saline  consistently  exceeded  ICP  in  the 
group  that  had  received  3.0%  saline.11  Subsequently,  in  animals  that  had  >een  subjected 
to  hemorrhagic  shock  combined  with  epidural  balloon  inflation,  Gunnar  and  colleagues 
compared  systemic  hemodynamics  and  ICP  after  balloon  inflation,  during  shock,  and 
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following  resuscitation.5  Following  resuscitation,  ICP  increased  dramatically  in  a  group 
that  had  received  0.9%  saline  and  increased  little  in  a  group  that  had  received  3.0% 
saline. 

Several  important  differences  in  experimental  design  require  comment.  First, 
Gunnar  and  colleagues  chose  to  resuscitate  animals  with  equal  volumes  of  the  test 
solutions.  Because  the  osmolar  load  administered  to  the  animals  receiving  3.0%  saline 
greatly  exceeded  that  associated  with  a  smaller  volume  of  7.5%  saline  in  the  present 
study,  the  effects  of  hypertonicity  on  ICP  should  have  been  greater.  Second, 
resuscitation  was  initiated  with  one-half  of  the  previously  shed  blood.  Infusion  of  blood 
alone  increased  cardiac  index  to  control  values.  In  contrast,  in  our  present  study, 
resuscitation  was  initiated  with  blood-free  solutions,  as  usually  occurs  in  clinical 
resuscitation.  Third,  although  Gunnar  and  colleagues  inflated  the  epidural  balloon  prior 
to  shock,  they  then  permitted  ICP  to  decline  as  a  consequence  of  shock.5  Because  ICP 
was  permitted  to  decline  during  the  shock  interval,  the  magnitude  of  associated  cerebral 
ischemia  may  well  have  been  less.  Cerebral  perfusion  pressure  increased  from  a  low  of 
approximately  40  mm  Hg  at  the  beginning  of  shock  to  approximately  65  mm  Hg  by  the 
end  of  the  shock  interval.  Gunnar  and  colleagues  subsequently  reported  preliminary 
data  suggesting  that  a  resuscitation  regimen  equivalent  to  the  one  they  had  previously 
reported  produced  no  differences  in  CBF.12  However,  as  before,  ICP  was  permitted  to 
decline  during  hemorrhage,  resulting  in  a  higher  CPP  during  the  shock  interval. 

In  the  current  study,  right  hemispheric  CBF  was  better  restored  in  Group  II-HS, 
but  this  effect  did  not  appear  to  be  due  to  improved  CPP  alone,  since  CPP  was  similar 
between  both  subgroups  at  all  time  periods.  In  these  experiments,  the  failure  of  an 
adequate  CPP  to  maintain  CBF  suggests  a  reduced  ability  of  the  brain  vessels  to 
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compensate  (i.e.,  autoregulate).  Several  explanations  may  account  for  improved  right 
hemispheric  CBF  following  hypertonic  solutions.  First,  hypertonic  saline,  by  decreasing 
brain  water,  could  limit  local  brain  tissue  pressure  increases  in  a  manner  analogous  to 
mannitol.24,25  A  second  possible  mechanism  is  direct  cerebral  vasodilatation  by 
hypertonic  saline.  Originally  suggested  by  Harbedo,26  that  mechanism  is  supported  by 
Wahl,27  who  reported  a  direct  vasodilatory  action  of  hypertonic  saline  when  applied 
topically  to  pial  vessels.  While  the  mechanism  explaining  the  vasodilation  is  unknown,  it 
has  been  suggested  that  the  hyperosmolarity  may  induce  local  ionic  changes  that  affect 
cerebrovascular  tone. 

As  noted  by  Todd  et  al,22  many  trauma  patients  suffer  major  neurological  injuries 
in  addition  to  severe  systemic  injury  and  hemorrhage.  Intracranial  injury  complicates 
fluid  resuscitation  because  of  the  potential  for  adverse  cerebral  hemodynamic  effects. 
Although  hypertonic  solutions  appear  to  reduce  ICP  and  improve  CBF,  severe 
hypernatremia  may  be  associated  with  confusion,  coma,20  blood-brain  barrier 
disruption,29  and  cerebral  dehydration  leading  to  possible  intracranial  hemorrhage. 

These  effects  appear  to  represent  a  negligible  risk  if  hypertonicity  develops  in 
association  with  hypertonic  resuscitation,  in  contrast  to  hypertonicity  developing  as  a 
consequence  of  pathologic  loss  of  free  water. 

We  conclude  that  hypertonic  saline  solutions  offer  advantages  over  conventional 
slightly  hypotonic  and  isotonic  solutions  in  resuscitation  following  hemorrhage  with 
superimposed  neurological  injury  (e.g.,  subdural  or  epidural  hematoma).  We  have 
shown  improvement  in  global  and  regional  CBF  and  also  demonstrated  that  systemic 
hemodynamics  are  sufficiently  improved  to  maintain  adequate  tissue  perfusion  until 
more  definitive  therapy  of  shock  can  be  instituted.  Further  studies  are  necessary  to 
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determine  if  acute  resuscitation  with  hypertonic  saline  limits  neurological  impairment  in 
severely  traumatized  patients  with  CNS  injury. 
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Table  1.  Comparison  of  Body  Weight,  Shed  Blood  and  Resuscitation  Volume 


(Means  ±  SEM) 


Group 

N 

Body  Weight 
(kg) 

Blood  Loss 
(ml.kg1) 

Volume  Infused 
(ml.kg'1) 

Group  I  HS 

6 

20±1.2 

35±2.0 

6.0 

SAL 

6 

22±1.2 

37±2.0 

54.0 

Group  II  HS 

6 

22±0.8 

30±2.5 

6.0 

SAL 


6  22±0.8 


33±3.0 


54.0 


Table  2.  Major  Systemic  Variables  (Means  ±  SEM) 
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Table  3.  Major  Systemic  Variables  (Means  ±  SEM) 
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Table  4.  Serum  Osmolality  (mOsm-L'1)  (Means  ±  SEM) 


Table  5.  Major  Cerebral  Variables  (Means  ±  SEM) 
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Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


LEGENDS 

Summary  of  experimental  sequence. 

Response  of  mean  arterial  pressure  following  resuscitation  from 
hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS),  or  0.8%  saline 
(SAL)  in  animals  without  (Group  I)  and  with  (Group  II)  an 
intracranial  mass. 

Response  of  intracranial  pressure  following  resuscitation  from 
hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS),  or  0.8%  saline 
(SAL)  in  animals  without  (Group  I)  and  with  (Group  II)  an 
intracranial  mass.  Intracranial  hypertension  induced  by  inflation  of  a 
subdural  balloon  accompanied  hemorrhage  in  Group  II. 

Changes  in  cerebral  perfusion  pressure  following  resuscitation  from 
hemorrhagic  shock  with  hypertonic  7.2%  saline  (HS),  or  0.8%  saline 
(SAL)  in  animals  without  (Group  I)  and  with  (Group  II)  an 
intracranial  mass. 


Figure  5. 
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Response  of  regional  cerebral  blood  flow  (right  and  left  cerebral 
hemisphere  and  brainstem),  following  resuscitation  from  hemorrhagic 
shock  with  hypertonic  7.2%  saline  (HS),  or  0.8%  saline  (SAL)  in 
animals  without  (Group  I)  and  with  (Group  II)  an  intracranial  mass. 
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We  compared  canine  systemic  and  cerebral  hemodynamics  following  small 
volume  resuscitation  from  hemorrhagic  shock  with  7.2%  saline  (HS;  1233  mEq/L 
sodium),  20%  hydroxyethyl  starch  (HES)  in  0.8%  saline,  or  a  combination  fluid 
consisting  of  20%  hydroxyethyl  starch  in  7.2%  saline  (HS/HES),  each  in  a  volume 
approximating  12%  of  shed  blood  volume  (4  ml^kg'1).  Eighteen  endotracheally 
intubated  mongrel  dogs  (18-24  kg)  were  ventilated  to  maintain  normocarbia  with  0.5% 
halothane  in  nitrous  oxide  and  oxygen  (60:40).  Following  a  30-minute  period  of 
hemorrhagic  shock  (mean  arterial  pressure  =  40  mm  Hg),  extending  from  time  (T)  0  to 
T30,  animals  received  one  of  three  randomly  assigned  intravenous  resuscitation  fluids: 
HS,  HES  or  HS/HES.  Data  were  collected  at  baseline  (BL),  at  the  beginning  of  the 
shock  period  (T30),  immediately  after  fluid  infusion  (T35),  and  at  60-minute  intervals  for 
two  hours  (T95,  T155).  Mean  arterial  pressure  (MAP)  declined  during  shock  and  was 
maintained  at  40  mm  Hg.  Following  resuscitation,  MAP  increased  similarly  in  all 
groups,  but  baseline  MAP  was  not  restored.  Cardiac  output  (CO)  also  increased  after 
resuscitation  in  all  groups,  but  failed  to  return  to  baseline.  ICP  decreased  during  shock 
and  increased  slightly  immediately  following  resuscitation  in  all  groups.  Cerebral  blood 
flow  (CBF)  declined  in  all  groups  during  shock.  Following  resuscitation,  CBF  increased 
and  exceeded  baseline  in  the  HS  and  HS/HES  groups  compared  to  HES  which  resulted 
in  only  a  slight  increase  in  CBF  (p  <  0.05  HS  vs  HES  at  T35).  These  results  indicate 
that  small  volume  resuscitation  with  a  combination  of  HS/HES  is  equal  to  or  superior 
to  HS  or  HES  in  its  overall  effects  on  systemic  and  cerebral  hemodynamics;  however, 
infused  in  a  volume  of  4  ml»kg'\  neither  HS/HES,  HS,  or  HES  were  able  to  restore  or 
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Prompt  restoration  of  blood  pressure  and  cardiac  output  is  essential  in  the  acute 
resuscitation  of  trauma  victims.  Ideally,  the  fluid  infused  should  rapidly  restore  systemic 
perfusion.  Fluids  that  are  effective  when  infused  in  small  volumes  are  particularly 
attractive  for  resuscitation  at  the  trauma  scene  or  during  emergency  transport.  Recently, 
small  volumes  of  hypertonic  salt  solutions  have  been  used  to  effectively  restore  systemic 
hemodynamics.  Velasco  and  colleagues  initially  reported  that  as  little  as  4.0  ml»kg 1  of 
1.59c  saline  could  effectively  restore  systolic  blood  pressure  and  cardiac  output  and 
produce  100%  survival  in  dogs  subjected  to  hemorrhage  approximating  half  of  estimated 
canine  blood  volume,  or  about  40  mWcg'1  {1986,1101,1088}.  Subsequent  investigators 
have  demonstrated  that  hypertonic  saline,  in  a  variety  of  concentrations,  with  and 
without  added  colloid,  produces  acute  stabilization  when  administered  in  a  volume  much 
smaller  than  the  original  shed  blood  volume 

{1087,1300,1092,1112,1299,1968,1995,1996,1291}.  In  addition  to  restoring  systemic 
hemodynamic  status,  hypertonic  solutions  also  tend  to  reduce  intracranial  pressure  (ICP) 
{Prough,  CCM  1985;  Prough,  JNS  1986},  an  effect  that  may  be  advantageous  in  patients 
in  whom  cranial  trauma  complicates  hemorrhagic  shock.  Colloid,  usually  6.0%  low- 
molecular  weight  dextran,  has  been  added  to  hypertonic  solutions  to  extend  the 
relatively  short-lived  hemodynamic  effects  {1087,1968,1944}.  Although  dextran  solutions 
are  commonly  used  for  resuscitation  in  Europe,  the  more  commonly  employed  synthetic 
colloid  in  this  country  is  hydroxyethyl  starch.  Few  data  are  available  to  characterize  the 
cerebrovascular  effects  of  concentrated  solutions  of  hydroxyethyl  starch  when  added  to 
either  isotonic  or  hypertonic  saline  solutions. 
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Therefore,  we  performed  the  following  study  to  compare  the  effects  on  systemic 
and  cerebral  nemodynamics  of  acute  resuscitation  with  4.0  ml«kg 1  of  7.2%  saline,  20% 
hydroxyethyl  starch  in  0.8%  saline,  o  20%  hydroxyethyl  starch  in  7.2%  saline. 
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Animals  were  handled  according  to  guidelines  established  by  the  institution’s 
Animal  Care  and  Use  Committee.  Eighteen  mongrel  dogs  of  either  sex,  weighing  18-24 
kg,  were  anesthetized  with  thiopental  sodium  (8.0  mg^kg'1  iv),  paralyzed  with 
pancuronium  (0.2  mg^kg"1  iv),  and  endotracheally  intubated.  Halothane  0.5%  in  nitrous 
oxide  and  oxygen  (60:40)  maintained  anesthesia.  Animals  were  ventilated  using  an  Edco 
Model  822  large-animal  ventilator  (Edco  Scientific,  Inc.,  Chapel  Hill,  NC),  at  a  tidal 
volume  of  15  mlokg'1  and  a  rate  sufficient  to  maintain  normocarbia  (PaC02  35-45  mm 
Hg).  Additional  pancuronium,  given  as  needed,  prevented  respiratory  movement. 

Two  femoral  artery  catheters  were  placed  for  monitoring  of  arterial  blood 
pressure  and  for  induction  of  rapid  hemorrhage,  respectively.  A  flow-directed, 
pulmonary  artery  catheter  was  placed  via  the  right  external  jugular  vein  to  measure 
cardiac  output  (CO)  and  pulmonary  artery  occlusion  pressure  (PAOP).  Hemodynamic 
pressure  monitoring  utilized  a  Grass  79D  polygraph  (Grass  Instrument  Co.,  Quincy,  MA) 
with  Gould-Statham  P23  transducers  (Gould,  Inc.,  Oxnard,  CA).  Systemic  and 
pulmonary  artery  pressures  were  recorded  continuously;  PAOP  was  measured 
intermittently.  Body  temperature  was  monitored  continuously  by  a  thermistor  on  the  tip 
of  the  pulmonary  artery  catheter  and  was  maintained  near  baseline  values  by  applying  a 
heating  pad  applied  to  the  trunk  and  extremities.  CO  was  recorded  intermittently  using 
an  American  Edwards  9520A  CO  computer  (American  Edwards,  Santa  Ana,  CA).  All 
transducers,  except  for  ICP,  were  intermittently  calibrated  at  the  level  of  the  left  atrium. 
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Following  splenectomy,  animals  were  turned  to  the  prone  "sphinx"  position  and 
the  occipital  musculature  was  dissected  from  the  underlying  cranial  vault.  Cerebral 
blood  flow  (CBF)  was  measured  using  a  modification  of  the  technique  originally 
described  by  Rapela  and  Green  {1934},  where  the  confluence  of  the  sagittal  sinus  was 
cannulated  and  timed  samples  of  cerebral  venous  outflow  measured.  A  18  G  catheter 
inserted  into  the  cisterna  magna  and  zeroed  to  the  level  of  the  external  auditory  meatus 
(7  cm  above  left  atrial  level)  provided  continuous  ICP  monitoring. 

Method  of  Hemorrhage 

After  instrumentation,  all  animals  were  left  undisturbed  for  30  minutes,  after 
which  baseline  (BL)  data  were  recorded.  Recorded  data  consisted  of  organ  blood  flow, 
systolic  and  diastolic  arterial  pressures  (SAP  and  DAP),  CO,  PAOP,  pulmonary  arterial 
systemic  and  diastolic  pressure  (PAS  and  PAD),  body  temperature,  arterial  pH,  PaC02, 
Pa02  (IL  1306  Instrumentation  Laboratory,  Lexington,  MA),  and  hemoglobin  (Hgb)  (IL 
282;  Instrumentation  Laboratory,  Lexington,  MA).  Mean  arterial  pressure  (MAP)  and 
cerebral  perfusion  pressure  (CPP)  were  calculated  from  the  following  formulas: 

MAP  =  DAP  +  1/3  (SAP-DAP)  Eq.  1 

CPP  =  MAP  -  ICP  Eq.  2 

After  anti-coagulation  with  heparin  (500  ILUkg'1  iv),  blood  was  rapidly  withdrawn 
through  the  right  femoral  artery  catheter  to  reduce  MAP  to  40  mm  Hg;  MAP  was 
maintained  at  that  level  for  30  minutes  by  removing  or  reinfusing  shed  blood. 
Hemodynamic  data  were  obtained  at  the  beginning  of  the  shock  period  (TO)  and  at  the 
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end  of  the  30  minute  shock  period  (T30),  a  notation  in  which  T  stands  for  time  and  the 
number  following  T  indicates  the  number  of  minutes  elapsed  from  the  onset  of  shock. 
Following  the  shock  interval,  animals  were  randomly  assigned  to  one  of  three  groups, 
based  upon  the  composition  of  resuscitation  fluid:  Group  HS  (n=6)  received  4.0  ml*kg' 

1  of  7.2%  hypertonic  saline  (1233  mEq^L1  sodium),  Group  HES  (n=6)  received  4.0 
ml.kg1  of  20%  hydroxyethyl  starch  dissolved  in  0.8%  saline,  and  Group  HS/HES  (n  =  6) 
received  4.0  ml*kg 1  of  20%  hydroxyethyl  starch  dissolved  in  7.2%  saline.  Additional 
data  were  collected  immediately  after  infusion  of  the  resuscitation  fluid  over  5  minutes 
(T35)  and  thereafter  at  hourly  intervals  for  two  hours  (T95,  T155).  Figure  1  summarizes 
the  experimental  preparation.  Following  the  completion  of  the  experimental  period,  all 
brains  were  examined  for  evidence  of  subarachnoid,  subdural  or  epidural  hemorrhage. 

Statistical  Analysis 

The  Kruskal-Wallis  test  was  employed  to  assess  differences  among  the  groups  at 
baseline  and  during  shock.  A  multivariate  repeated  measures  analysis  of  variance 
(ANOVA)  was  performed  to  determine  if  interactions  between  groups  and  time  existed 
at  subsequent  post-resuscitation  intervals  {2039}.  Interactions  were  analyzed  further 
with  the  Holm's  sequentially  rejective  multiple  test  procedure  using  a  significance  level 
of  0.05  {143}.  To  assess  time  and  group  differences  when  an  interaction  was  not 
present,  a  multivariate  repeated  measures  ANOVA  and  an  analysis  of  covariance  were 
performed  on  the  dependent  variables.  When  a  statistically  significant  group  effect  was 
evident,  Holm’s  sequentially  rejective  multiple  test  procedure  was  used  to  determine 
which  groups  differed. 
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Mean  body  weight,  shed  blood  volume,  and  resuscitation  volume  for  the  HS, 

HES,  and  HS/HES  groups  are  listed  in  Table  1.  The  body  weights  and  volumes  of  shed 
blood  were  similar  among  groups.  All  subsequent  values  in  the  text,  tables,  and  figures 
are  expressed  as  means  ±  SEM. 

SYSTEMIC  VARIABLES 

Kruskal-Wallis  testing  detected  no  difference  in  MAP  at  baseline  or  during  shock 
among  the  three  groups  (Table  2).  Immediately  following  resuscitation,  MAP  increased 
similarly  in  all  groups  but  remained  well  below  baseline.  By  120  minutes  following 
resuscitation  (T155)  MAP  had  decreased  in  all  groups  to  values  similar  to  those  present 
during  shock  (Figure  2A).  Systolic  (SAP)  and  diastolic  arterial  pressures  (DAP)  were 
comparable  among  groups  after  resuscitation  but  tended  to  be  higher  in  the  HS/HES 
group  (Table  2).  There  were  no  statistical  differences  in  MAP,  SAP  or  DAP  among 
fluid  groups  detected  during  the  post-resuscitation  period. 

Cardiac  output  (CO)  decreased  by  approximately  70%  with  induction  of  shock 
(p<0.05  TO  compared  to  BL).  Following  resuscitation,  CO  increased  approximately 
twofold  in  each  of  the  three  fluid  groups  (Figure  2B)  but  did  not  attain  baseline  values. 
This  increase  in  CO  at  T35  was  followed  by  a  gradual  decrease  which  continued 
throughout  the  post-resuscitation  period  in  all  groups. 

PAOP,  although  decreased  during  shock,  was  comparable  to  baseline  throughout 
the  post-resuscitation  period  (Table  2).  Hemoglobin  (Hgb)  decreased  in  all  three 
groups  following  resuscitation.  Hgb  increased  in  the  HS  group  from  T35  to  T155  but 
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continued  to  decline  in  the  HES  and  HS/HES  groups  (Table  2).  Other  variables 
including  pH,  PaC02,  Pa02,  and  body  temperature  were  similar  among  groups  at  all 
time  intervals  (Table  3). 


Cerebral  Variables 

Cerebral  blood  flow  (CBF)  at  baseline  was  comparable  among  groups.  Kruskal- 
Wallis  testing  failed  to  detect  a  difference  at  baseline  or  during  shock  among  groups. 
CBF  following  resuscitation  (T35)  differed  significantly  among  groups.  Resuscitation 
with  HS  increased  CBF  to  greater  than  baseline  values  compared  to  HS/HES  which 
restored  CBF  to  baseline  and  HES  which  produced  only  a  slight  increase  in  CBF 
(Figure  3).  ANOVA  demonstrated  a  group  difference  at  T35  between  HS  and  HES 
(p<0.05).  While  HS  and  HS/HES  initially  increased  CBF,  the  increase  was  transient; 
CBF  declined  gradually  from  T35  to  T95  to  a  level  that  approximated  CBF  levels  during 
shock.  CBF  in  all  three  groups  was  comparable  at  T95  and  T155. 

ICP  was  comparable  among  groups  at  baseline.  Induction  of  shock  decreased 
ICP  significantly  from  baseline  in  all  groups  (p  <  0.05).  Following  resuscitation,  ICP 
increased  in  all  groups,  but  was  not  restored  to  baseline  (Figure  4A).  ICP,  like  CBF, 
decreased  gradually  over  time  in  all  groups. 

Cerebral  perfusion  pressure  (CPP)  followed  the  same  general  pattern  as  MAP 


(Figure  4B). 
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In  the  1980’s  Velasco  and  colleagues  stimulated  considerable  interest  in  the 
applicability  of  small-volume  resuscitation  in  hemorrhagic  shock  {1986}.  They  first 
demonstrated  that  dogs,  subjected  to  hemorrhage  equal  to  approximately  one-half  of 
estimated  canine  blood  volume,  could  be  effectively  resuscitated  using  7.5%  saline  in  a 
dose  of  4  ml»kg'\  a  volume  that  was  equal  to  about  one-tenth  of  the  initial  shed  blood 
volume  {1986,  new  Lopes}.  They  further  demonstrated  that  hypertonic  saline  failed  to 
improve  systemic  hemodynamics  if  a  vagally  mediated  reflex  arc  were  abolished  or  if 
hypertonic  saline  was  infused  into  the  aorta  rather  than  into  the  inferior  vena  cava 
{1101,  new  Lopes  [1986]}.  Other  investigators,  using  similar  hemorrhagic  shock 
preparations,  have  been  unable  to  reproduce  sustained  improvements  in  blood  pressure 
and  cardiac  output  {1087,1291,1968,1299,1984,1898,  Whitley,  Prough}  and  the  associated 
long  term  survival.  As  a  result  of  the  transient  response  to  hypertonic  saline  alone, 
subsequent  investigators  added  a  colloid  component,  usually  6.0%  low-molecular  weight 
dextran,  in  order  to  extend  the  effect  of  hypertonic  saline  {1291,1303,1968,1984}. 

While  several  investigators  have  studied  the  effects  of  hypertonic  saline  in 
combination  with  6%  dextran,  they  have  not  investigated  the  systemic  or  cerebral  effects 
of  highly  concentrated  (20%)  hydroxyethyl  starch  in  combination  with  hypertonic 
resuscitation  solutions  {1303}.  The  present  study  suggests  that  this  combination,  like  the 
combination  of  hypertonic  saline  with  6.0%  low-molecular  dextran,  somewhat  prolongs 
the  duration  of  systemic  hemodynamic  improvement  without  interfering  with  the 
immediate  hemodynamic  responses  {1984,1303}.  In  a  recent  study,  Kramer  and 
colleagues  bled  unanesthetized  adult  sheep  to  a  MAP  =  50  mm  Hg  for  three  hours 
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(shed  blood  volume  =  42  ±  7  mMcg'1)  and  then  resuscitated  the  animals  with  200  ml  of 
either  0.9%  saline  or  7.2%  saline  with  6%  dextran-70  {1984}.  Only  the  combination 
fluid  restored  blood  pressure  and  CO.  Lactated  Ringer’s  solution  was  then  administered 
as  necessary  to  both  groups  thirty  minutes  following  the  initial  fluid  bolus  to  restore  or 
maintain  CO  at  baseline  levels.  The  group  that  had  received  the  combination  fluid 
required  only  one-sixth  the  quantity  of  lactated  Ringer’s  solution  required  by  the  isotonic 
saline  group.  In  a  subsequent  study,  Smith  and  colleagues  compared  the  hemodynamic 
effects  in  sheep  following  resuscitation  with  4  ml»kg  '  of  hypertonic  saline  with  sodium 
acetate,  hypertonic  saline  alone  or  a  combination  of  7.2%  saline  with  6.0%  dextran-70 
who  had  been  bled  to  a  MAP  =  50  mm  Hg  for  two  hours  {1291}.  They  demonstrated 
that  the  combination  fluid  sustained  a  significantly  higher  CO  over  the  three  hour,  post¬ 
resuscitation  observation  period  than  did  hypertonic  saline  alone  or  hypertonic  saline  to 
which  sodium  acetate  had  been  added  {1291}. 

Two  more  recent  studies  have  demonstrated  that  hypertonic  saline  in  combination 
with  colloid  is  superior  to  0.9%  saline  or  7.5%  saline  in  similar  volumes.  Maningas  and 
colleagues  studied  the  effects  of  0.9%  saline,  7.5%  saline,  6.0%  dextran-70,  or  7.5% 
saline  in  6.0%  dextran-70  following  potentially  lethal  hemorrhage  in  swine  {1303}.  Each 
fluid  was  given  in  a  volume  equal  to  25%  of  the  shed  blood  volume.  The  combination 
fluid  was  associated  with  100%  survival  for  96  hours  in  comparison  to  significantly 
poorer  survival  in  the  groups  that  received  0.9%  saline  or  7.5%  saline.  Velasco  and 
colleagues  demonstrated  that  the  combination  of  7.5%  saline  and  6.0%  dextran-70  was 
associated  with  somewhat  higher  survival  and  more  sustained  improvement  in  plasma 
volume  than  similar  volumes  of  6.0%  dextran-70  or  7.5%  saline  alone  {1898}. 
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Our  data  demonstrate  that  each  of  the  three,  small  volume  resuscitation  fluids 
produced  comparable,  short-term  systemic  and  cerebral  hemodynamic  improvement. 
However,  when  administered  in  equal  volumes  of  4.0  mUkg'1  all  failed  to  restore  and 
maintain  MAP,  CO  or  to  improve  cerebral  blood  flow  beyond  the  immediate  post- 
resuscitation  interval.  These  data  differ  significantly  from  those  reported  by  Velasco 
{1986}  and  Kramer  {1984}.  Velasco  et  al  successfully  resuscitated  100%  of  dogs  bled  to 
50%  of  estimated  blood  volume  using  4  mUkg'1  of  7.5%  saline  {1986}.  Following  a 
more  severe  hemorrhage,  (i.e.,  MAP  =  35  mm  Hg  for  30  or  60  minutes)  resuscitation 
with  6  mltkg'1  of  7.5%  saline  alone  failed  to  produce  100%  survival  in  mongrel  dogs 
subjected  to  30  or  60  minute  shock  periods  {1898}.  MAP  was  better  maintained  in 
animals  that  received  6.0  ml*kg_1  of  7.5%  saline  combined  with  6.0%  dextran  despite 
similar  expansion  of  plasma  volume  and  similar  increases  in  plasma  sodium.  Although 
either  hypertonic  saline  alone  or  hypertonic  saline  combined  with  6%  dextran  produced 
comparable  short-term  resuscitation,  the  combination  fluid  better  sustained  MAP  in 
animals  shocked  for  either  30  or  60  minutes. 

Explanations  as  to  why  our  data  fail  to  demonstrate  sustained  systemic 
hemodynamic  improvement  following  resuscitation  with  either  hypertonic  saline  or  the 
combination  fluid  may  relate  to  differences  in  study  design.  First,  we  more  rapidly 
exsanguinated  animals,  reducing  MAlP  to  40  mm  Hg  in  approximately  5  minutes,  rather 
than  the  15  minute  interval  employed  by  Velasco  et  al  {1898}.  Second,  all  animals  in 
the  present  study  were  splenectomized,  a  procedure  which  limits  the  canine 
compensatory  response  to  hemorrhage.  Splenectomy,  generally  considered  to  be  a 
necessary  prelude  to  canine  hemorrhage  models,  was  not  performed  in  Velasco’s  study. 
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Third,  we  infused  fluid  into  a  forelimb  vein  rather  than  the  femoral  vein,  although 
peripheral  and  central  infusions  appear  to  be  equivalent  (Hands,  new).  Fourth,  and 
most  importantly,  animals  in  the  present  study  were  paralyzed  and  provided  controlled 
ventilation.  The  effects  of  mechanical  ventilation  on  preload  and  cardiac  output  may 
have  influenced  the  systemic  response  both  to  hemorrhage  and  the  resuscitation  fluids. 

In  contrast,  dogs  in  the  study  of  Velasco  et  al.  were  intubated  but  breathed 
spontaneously. 

Kramer  and  colleagues  {1299}  demonstrated  that  hypertonic/hyperoncotic  fluids 
are  superior  to  equal  small  volumes  of  0.9%  saline  alone  as  resuscitation  for 
hemorrhage.  They  infused  4.0  ml* kg'1  of  7.5%  saline/6%  dextran  or  0.9%  saline  directly 
into  the  right  atrium  following  30  minutes  of  hemorrhage  shock  (MAP  45  -  55  mm  Hg). 
Thirty  minutes  after  initial  resuscitation,  additional  lactated  Ringer’s  solution  was 
administered  to  maintain  CO  at  or  above  baseline  values.  Animals  that  had  received 
the  combination  fluid  required  only  6.0  mUkg'1  of  additional  fluid  whereas  those  who 
had  received  only  0.9%  saline  required  48  mUkg'1  of  additional  lactated  Ringer’s 
solution.  The  initial  infusion  of  7.5%  saline/6.0%  dextran  restored  MAP  to  baseline.  In 
contrast,  in  the  present  study,  neither  7.2%  saline  alone,  20%  HES  alone,  or  the 
combination  restored  MAP.  Methodologic  differences  between  the  two  studies  include 
choice  of  species  (sheep  vs.  dogs),  anesthesia  (unanesthetized  vs.  anesthetized),  and 
ventilatory  management  (spontaneous  vs.  controlled). 

As  expected,  ICP  decreased  in  all  groups  during  shock.  Resuscitation  resulted  in 
small  transient  increases  in  ICP  in  all  groups.  Cerebral  perfusion  pressure  remained 
comparable  among  groups.  Nevertheless,  CBF  was  statistically  greater  in  the  HS  group 
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than  in  the  HES  group  immediately  following  resuscitation,  although  the  difference  had 
resolved  60  minutes  later.  One  hour  after  resuscitation,  CBF  had  declined  to  levels 
measured  during  shock  in  all  groups.  The  initial  improvement  in  CBF  could  represent  a 
primary  cerebral  vasodilator  effect  of  acute  hypertonicity  (John  -  we  can  use  ref  from 
IAIIA  paper)  or  it  could  result  from  lower  blood  viscosity.  If  the  response  could  be 
prolonged  and  if  similar  effects  could  be  demonstrated  in  patients  with  head  injury, 
hypertonic  resuscitation  solutions  might  be  preferable  foi  resuscitation  of  patients  with 
combined  head  injury  and  hemorrhagic  shock.  These  data  complement  previous  data 
from  this  laboratory,  in  which  6.0  ml^kg'1  of  7.2%  saline  and  60  mRkg'1  of  lactated 
Ringer's  solution  produced  comparable  restoration  of  CBF  following  hemorrhagic  shock 
{Prough  JNS).  Taken  together,  these  studies  suggest  that  small  volumes  of  hypertonic 
fluid  or  large  volumes  of  slightly  hypotonic  fluid  produce  comparable  increases  in  CBF, 
although  ICP  is  far  greater  after  the  latter  fluid  {Prough,  JNS}.  ICP  is  similar  if  small 
volumes  of  hypertonic  fluid,  hyperoncotic  fluid,  or  the  combination  are  given,  but  CBF  is 
improved  most  by  the  hypertonic  fluid.  Adding  hypertonic  saline  to  concentrated  colloid 
results  in  an  intermediate  improvement  in  CBF. 

Based  upon  the  data  presented  here,  we  include  that  highly  concentrated 
hydroxyethyl  starch  solutions  in  combination  with  HS  may  present  an  alternative  to 
hypertonic  saline  or  HES  alone  for  small-volume  resuscitation  of  trauma  victims. 
Although  the  volumes  administered  in  the  current  study  were  insufficient  to  fully  restore 
systemic  hemodynamics,  the  short-term  improvement,  coupled  with  improved  CBF, 
might  be  satisfactory  pending  definitive  resuscitation. 
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Table  1.  Body  Weight,  Shed  Blood,  and  Resuscitation  Volumes  (Means  ±  SEM) 


Group 

N 

Weight 

(kg) 

Blood  Loss 

(ml.kg1) 

Resus.  Volume 

(ml.kg1) 

HS 

6 

20.7+0.9 

29±2.3 

4.0 

HES 

6 

20.9±1.0 

31±3.2 

4.0 

HS/HES 

6 

21.9±1.2 

36±2.9 

4.0 
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Table  2.  Major  Systemic  Variables  (Means  ±  SEM) 


Group 

BL 

TO 

T30 

T35 

T95  T155 

MAP 

HS 

135±2 

41+0.4 

37+0.3 

57+2 

5912 

2712 

HES 

140±1 

39±0.S 

3710.3 

65+3 

6016 

4214 

HS/HES 

138±2 

40±0.4 

4010.3 

7214 

7912 

4412 

SAP 

HS 

169±3 

65±4 

5611 

8014 

8714 

52+4 

(mm  Hg) 

HES 

178±3 

52±5 

5611 

8613 

8516 

6216 

HS/HES 

148±5 

52±1 

5411 

9613 

10511 

6513 

DAP 

HS 

118±2 

33±1 

3111 

3812 

3913 

22+2 

(mm  Hg) 

HES 

121+1 

32±1 

28+1 

4813 

4816 

33+3 

HS/HES 

120i2 

35±1 

3311 

4915 

6612 

3411 

PAOP 

HS 

4±0.3 

3±0.5 

410.5 

3+0.3 

510.4 

310.5 

(mm  Hg) 

HES 

3±0.2 

2±03 

310.3 

410.3 

3+0.6 

4+0.3 

HS/HES 

3+0.2 

1±0.3 

310.3 

210.2 

3+0.4 

310.4 

Hgb 

HS 

12.2±0.2 

10.5+0.2 

9.710.2 

7.910.2 

7.510.0 

9.410.2 

(g*dr“,) 

HES 

11.8±0.4 

10.6±0.3 

10.210.3 

9.010.2 

8.410.4 

8.010.4 

HS/HES 

12.9+0.3 

10.9±0.2 

11.010.5 

8.610.1 

10.610.1 

8.110.2 
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Group 

BL 

TO 

T30 

T35 

T95 

T155 

PH 

HS 

7.37±0.0 

7.4110.0 

7.1910.0 

7.0510.0 

7.2110.0 

7.1310.0 

HES 

7.36±0.0 

7.4010.0 

7.1610.0 

7.1010.0 

7.2210.0 

7.1910.0 

HS/HES 

73710.0 

7.4010.0 

7.2110.0 

7.10+0.0 

7.2810.0 

7.1710.0 

PaC02 

HS 

40±0.2 

3010.5 

3810.6 

5111 

3410.7 

3310.4 

(mm  Hg) 

HES 

41±0.5 

3111 

4612 

4910.7 

3511 

3411 

HS/HES 

3910.2 

3010.5 

3910.4 

48+1 

3310.3 

3810.8 

Pa02 

HS 

23112 

21613 

261115 

243+7 

22612 

22612 

(mm  Hg) 

HES 

21217 

20813 

20915 

21714 

21512 

21013 

HS/HES 

23514 

22614 

22214 

20217 

224+2 

21614 

Temp 

HS 

3810.2 

3810.2 

3810.1 

3810.1 

38+0.1 

3710.2 

CO 

HES 

3710.1 

3710.1 

3710.2 

3710.2 

37+0.2 

3810.1 

HS/HES 

3710.0 

3710.1 

3710.1 

37+0.0 

3810.0 

3810.1 

5  June  1990 
Hyperton.jmw 


LEGENDS 


Figure  1.  Summary  of  experimental  procedure. 

Figure  2.  Changes  in  mean  arterial  pressure  (A)  and  cardiac  output  (B)  following  resuscitation  from  hemorrhagic  shock 
with  7.2%  saline  (HS),  20%  hydroxyethyl  starch  in  0.8%  saline  (HES),  or  HES  dissolved  in  7.2%  saline 
(HS/HES). 

Figure  3.  Changes  in  cerebral  blood  flow  following  resuscitation  from  hemorrhagic  shock  with  7.2%  saline  (HS),  20% 
hydroxyethyl  starch  in  0.8%  saline  (HES),  or  HES  dissolved  in  7.2%  saline  (HS/HES). 

Fig  -e  4.  Changes  in  intracranial  pressure  (A),  and  cerebral  perfusion  pressure  (B)  following  resuscitation  from 

hemorrhagic  shock  with  7.2%  saline  (HS),  20%  hydroxyethyl  starch  in  0.8%  saline  (HES),  or  HES  dissolved  in 
7.2%  saline  (HS/HES). 
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Our  data,  however,  do  complement  the  results  of  numerous  other  investigators  who  reported  better  maintenance 
of  systemic  hemodynamics  with  a  hypertonic  saline/hyperoncotic  fluid  combination  following  resuscitation  from  hemorrhage 
compared  to  hypertonic  saline  alone  or  isotonic  saline  {1299,1303,  Prough,  Whitley,  1898}.  In  a  recent  study  from  our 
laboratory  (in  press)  we  compared  the  systemic  hemodynamic  effects  on  organ  perfusion  with  isotonic  saline,  7.2%  saline, 

20%  hydroxyethyl  starch  dissolved  in  0.8%  aline  or  20%  hydroxyethyl  starch  dissolved  in  7.2%  saline.  While  there  were  no 
statistical  differences  in  MAP  between  groups,  MAP  continued  to  increase  over  time  only  in  those  groups  containing  20% 
hydroxyethyl  starch  compared  to  0.8%  saline  or  7.2%  saline  which  decreased  gradually  over  time.  In  this  study,  animals  were 
resuscitated  with  small,  equal  volumes  (6  ml/kg),  except  the  0.8%  saline  group  which  received  54  ml/kg,  following  a  30 
minute  period  of  hemorrhagic  shock  with  a  constant  MAP  -  45  mm  Hg.  Interestingly,  CO  was  restored  to  baseline  in  the 
u.s%  saline  and  the  hypertomc-hydroxyethyl  starch  group.  Although  CO  in  the  0.8%  saline  group  quickly  decreased  over  time 
Hi>/  HES  maintained  significantly  higher  CO  compared  to  0.8%  saline  or  7.2%  saline  which  resulted  in  more  improved  organ 
blood  flows.  The  primary  difference  between  these  two  studies,  in  addition  to  the  45  mm  Hg  MAP  during  the  shock  interval, 
was  the  administered  resuscitation  fluid  volume  which  was  increased  to  6  ml/kg. 
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ABSTRACT 


We  investigated  the  effects  of  combined  traumatic  brain  injury,  hemorrhagic 
hypotension,  and  fluid  resuscitation  on  intracranial  pressure  (ICP),  cerebral  blood  flow 
(CBF),  arterial  oxygen  content  (Ca02),  cerebral  oxygen  transport  (C02T  =  CBF  x 
Ca02),  and  electroencephalographic  activity  (EEG)  in  cats.  Adult  mongrel  cats  were 
prepared  for  fluid-percussion  traumatic  brain  injury  and  radioactive  microsphere  CBF 
measurement.  Under  anesthesia  consisting  of  isoflurane  0.8%  in  N20  and  02  (7030), 
cats  were  randomly  assigned  to  undergo  moderate  trauma  alone  (Group  T;  n=8), 
hemorrhagic  hypotension  followed  by  resuscitation  with  10%  hetastarch  (Group  H; 
n  =  8),  or  the  combination  of  trauma  and  hemorrhage  followed  by  resuscitation  with  10% 
hetastarch  (Group  TH;  n=8).  Trauma  alone  produced  significant  decreases  in  CBF 
(p  <  0.01)  but  no  significant  changes  in  other  variables.  Hemorrhage  and  resuscitation,  in 
the  absence  of  trauma,  significantly  reduced  Ca02  but  produced  no  significant  changes  in 
CBF,  ICP,  or  EEG  score.  Trauma  followed  by  hemorrhage  and  resuscitation  produced 
significant  (p<0.01)  decreases  in  CBF,  Ca02)  C02T,  and  EEG  score.  These  data 
demonstrate  that  the  combination  of  brain  trauma,  hemorrhagic  hypotension,  and  fluid 
resuscitation  is  associated  with  more  severe  deficits  in  cerebral  oxygen  availability  and 
neurological  function  than  either  insult  alone. 
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INTRODUCTION 


Multiple  organ  system  trauma,  hypovolemia,  and  hypotension  often  accompany 
traumatic  brain  injury  (TBI).  In  a  recent  study  involving  almost  seven  thousand  adults, 
Luerssen,  et  al.,1  reported  that  over  40%  of  patients  sustained  multiple  organ  trauma  in 
addition  to  head  injury.  Approximately  15-20%  of  severe  head  injuries  are  associated 
with  arterial  hypotension;1 2  the  combination  carries  a  poorer  prognosis  than  head  injury 
that  is  unaccompanied  by  hypotension.1,3  Since  TBI  impairs  the  normal  cerebral 
vasodilation  that  occurs  in  response  to  hypotension4  and  hypoxemia5  in  experimental 
models,  hypotension  following  clinical  head  injury  would  likely  result  in  significant 
decreases  in  cerebral  perfusion  and  oxygen  transport.  Although  Lewelt  described 
cerebrovascular  responses  to  declines  in  arterial  oxygen  content  (Ca02)  produced  by 
hypoxemia  in  head-injured  cats,5  no  data  describe  the  response  to  the  reduction  in  Ca02 
that  occurs  with  rapid  resuscitation  with  asanguineous  fluids. 

Therefore,  we  have  compared  the  effects  of  moderate  fluid-percussion  TBI  alone, 
moderate  hemorrhagic  hypotension  followed  by  resuscitation,  and  the  combination  of 
TBI  followed  by  hemorrhage  and  resuscitation  on  cerebral  blood  flow  (CBF), 
intracranial  pressure  (ICP),  Ca02  and,  in  these  acutely  anemic  animals,  cerebral  oxygen 
transport  (C02T). 


METHODS  AND  MATERIALS 


Using  a  protocol  approved  by  our  Institutional  Animal  Care  and  Use  Committee, 
2A  mongrel  cats  (2.5  ±0.1  kg)  of  either  sex  were  fasted  overnight  and  then  anesthetized 
with  ketamine  hydrochloride  (25  mg^kg1).  All  cats  had  tracheostomies  performed,  were 
paralyzed  with  pancuronium  bromide  (0.3  mg«kg''),  and  were  mechanically  ventilated 
with  1.6%  isoflurane  in  N20:02  (70:30).  A  midline  incision  was  made,  the  scalp  was 
reflected,  and  an  11-mm  midline  craniotomy  was  drilled  using  a  water-cooled  dental 
drill.  A  stainless-steel  adapter  ring  was  glued  over  the  intact  dura  and  then  secured  to  2 
skull  screws  using  dental  acrylic.  Details  of  the  preparation  for  fluid-percussion  injury 
have  been  described  elsewhere.6  An  additional  burr  hole  was  drilled  for  placement  of  a 
stainless-steel  bolt  that  was  fluid-coupled  to  a,  pressure  transducer  to  monitor  ICP. 
Polyethylene  cannulae  were  placed  in  the  right  brachial  and  left  femoral  arteries  for 
microsphere  reference  sample  withdrawal.  The  left  brachial  artery  was  cannulated  for 
continuous  monitoring  of  blood  pressure.  The  right  femoral  artery  was  cannulated  for 
induction  of  controlled  hemorrhage.  The  left  femoral  vein  was  cannulated  for  drug 
infusion  and  fluid  resuscitation.  A  polyethylene  cannula  with  a  slightly  flared  tip  was 
placed  in  the  left  atrium  via  a  left  thoraco'.omy.  At  the  conclusion  of  surgical 
preparation,  all  wound  sites  were  infiltrated  with  a  local  anesthetic  (0.5%  lidocaine)  and 
isoflurane  concentration  was  reduced  to  0.8- 1.0%  in  N20:02  (70:30).  During  the 
subsequent  30-minute  equilibration  interval,  PaO*  PaCO^  and  pH  were  adjusted  to 
normal  limits  using  ventilatory  rate  and  volume  adjustments. 

At  the  conclusion  of  the  equilibration  period,  baseline  (BL)  CBF  was  measured 
using  the  radioactive  microsphere  technique.7  For  each  blood  flow  determination, 
approximately  1  million  microspheres  (15/im)  labelled  with  113Sn,  “Sr,  ^Sc,  1MGd,  or  95Nb 
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suspended  in  0.9%  saline  and  polyoxyethylene  sorbitan  monooleate  (Tween  80)  were 
injected  through  the  left  atrial  cannula.  Prior  to  injection,  the  stock  bottle  of 
microspheres  was  agitated  for  4  minutes  using  a  vortex  mixer.  Immediately  before  and 
for  90  seconds  after  injection,  arterial  reference  samples  were  withdrawn  at  a  rate  of 
1.03  mUmm1  using  a  syringe  pump.  Counts  per  minute  from  the  reference  samples 
were  averaged  and  used  to  calculate  blood  flows  as  described  below.  Arterial  blood 
pressure,  ICP,  Pa02,  PaC02,  and  pH  were  recorded  during  each  blood  flow 
determination. 

Following  the  completion  of  the  baseline  CBF  determination,  all  cats  were 
prepared  for  brain  injury,  connected  to  the  trauma  device,  and  then  randomized  to  one 
of  3  groups  (Figure  1).  Group  T  (Trauma  only)  cats  (n=8)  were  subjected  to  moderate 
fluid-percussion  TBI  (2.2  ±0.1  atm)  but  were  not  hemorrhaged  or  resuscitated.  Group 
H  (Hemorrhage)  cats  (n  =  8)  were  not  injured  but  were  hemorrhaged  at  a  constant  rate 
until  approximately  30%  (18  nd^kg'1)  of  total  blood  volume  was  removed.  At  the  end  of 
the  shock  interval  (EOS),  a  second  CBF  determination  was  performed.  The  shed  blood 
was  then  replaced  with  an  equal  volume  of  10%  hydroxyethyl  starch.  CBF  was 
determined  immediately,  60,  and  120  minutes  after  the  completion  of  the  resuscitation 
period  at  (R0,  R60,  and  R120,  respectively).  In  Group  T  cats,  CBF  was  determined  at 
time  intervals  that  corresponded  to  those  in  the  other  groups.  Group  TH  cats  (n=8) 
were  subjected  to  moderate  TBI  (2.3  ±0.1  atm)  and  then  hemorrhaged  and  resuscitated 
identically  to  group  H.  CBF  was  determined  at  the  same  intervals  as  in  group  H. 

During  each  CBF  determination,  one-minute  strips  of  biparietal  EEG  were 
recorded  on  a  Grass  7D  recording  polygraph  (Grass  Instruments  Co.,  Quincy,  MA). 
These  strips  were  later  analyzed  using  a  5-point  visual  inspection  scale  modified  from  a 
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scale  described  by  Prior  et  al.8  Each  strip  was  assigned  one  of  the  following  numerical 
scores: 

5  Normal  -  indistinguishable  from  baseline  EEG 

4  Depressed  amplitude  -  amplitude  reduced  by  more  than  25%  of  baseline; 
no  burst  suppression 

3  Moderate  suppression  -  intermittent  short  (<3  sec)  periods  of  burst 

suppression  or  a  decrease  in  amplitude  of  greater  than  50%  of  baseline 
amplitude 

2  Profound  burst  suppression  -  long  periods  (>3  sec)  of  total  suppression 
with  short,  intermittent  periods  of  activity 

1  Isoelectric  -  no  evidence  of  electrical  activity 
Visual  analysis  was  performed  by  investigators  blinded  to  the  group  and  time  at  which 
the  strip  was  recorded.  Interobserver  reliability  of  the  EEG  analysis  score  used  for 
these  studies  was  tested  by  comparing  scores  of  two  observers  who  analyzed  the  same 
polygraph  tracings  using  a  weighted  kappa  statistic.9 

After  the  final  (R120)  CBF  determination,  the  animals  were  sacrificed  using 
sodium  pentobarbital  (50  mg^kg'1)  followed  by  saturated  potassium  chloride.  The  brains 
were  removed,  dissected  into  23  regions  bilaterally,  and  counted  along  with  the  arterial 
references  samples  in  a  well-type  gamma  counter  (Auto-Gamma  5000,  Packard 
Instruments,  Downers  Grove,  IL).  Aliquots  of  microspheres  labelled  with  each 
radionuclide  were  counted  along  with  the  blood  and  tissue  samples;  curve  stripping  to 
correct  for  isotope  overlap  was  performed  using  a  microcomputer  connected  to  the 
gamma  counter.  Using  the  reference  sample  method,10  CBF  for  individual  brain  regions 
was  calculated  according  to  the  formula: 
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CBF  (ml.lOOg'Wn1)  =  Q.  x  RBF  x  100 

C,  x  Wb 

where  Q  =  counts  in  tissue  sample;  Cr  =  counts  in  reference  arterial  sample;  RBF  = 
reference  arterial  withdrawal  rate;  Wb  =  weight  of  tissue  sample.  Global  CBF  was 
calculated  as  a  weighted  average  of  regional  CBF.  Cerebral  02  transport  (C02T)  was 
calculated  as: 

C02T  =  Ca02  x  CBF  x  100’1 

where  Ca02  =  Pa02  x  0.0031  +  (Hgb  x  1.39  x  %Hgb  saturation). 

SASR  statistical  software  (SAS,  Cary,  NC)  was  used  for  all  statistical  analyses. 

The  Kruskal-Wallis  test  was  used  to  evaluate  potential  differences  among  groups  at 
baseline.  A  multivariate  repeated  analysis  of  covariance,  adjusting  for  baseline  values, 
was  used  to  test  group  effects  and  time*group  interactions.11  When  a  time*group 
interaction  was  present,  the  group  effects  were  tested  separately  at  each  time  point. 
Holm’s  sequentially  rejective  multiple  test  procedure  was  used  to  determine  which 
groups  differed  when  a  group  effect  was  piesent.  The  EEG  scores  were  analyzed  using 
an  analysis  of  variance  of  ranked  scores  at  each  time  point.12  Local  CBF  values  were 
;<ialyzed  only  for  descriptive  purposes.  When  a  time’group  interaction  was  present,  the 
group  effects  were  analyzed  at  each  time  point  using  Holm’s  procedure.  A  significance 
level  of  0.05  was  used  for  all  procedures. 
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RESULTS 


Systemic  Variables 

All  values  in  the  text  and  tables  are  expressed  as  mean  ±  standard  error  of  the 

mean. 

There  were  no  significant  changes  in  body  temperature,  PaC02,  or  Pa02  in  any 
group  at  any  time  point  (Table  1).  Arterial  pH  declined  in  all  groups  over  the  duration 
of  the  experiment  without  intergroup  differences. 

Baseline  mean  arterial  blood  pressure  (MAP)  did  not  differ  significantly  among 
the  three  groups  (Table  2,  Figure  2).  In  Group  T  (trauma  only),  MAP  declined 
gradually  over  the  entire  observation  period.  In  Groups  H  (hemorrhage)  and  TH 
(trauma-hemorrhage),  MAP  declined  approximately  20%  during  hemorrhage  and  then 
returned  transiently  to  control  levels  following  resuscitation.  MAP  fell  during  the  post¬ 
resuscitation  period,  with  Group  TH  exhibiting  the  greatest  decrease.  Left  atrial 
pressure  declined  during  hemorrhage  in  Groups  H  and  TH.  Hemoglobin  concentration 
declined  during  resuscitation  with  hydroxyethyl  starch  and  remained  significantly  lower  in 
Groups  H  and  TH  than  in  Group  T  for  the  remainder  of  the  experiments.  Because 
Pa02  remained  above  normal  at  all  intervals  in  all  groups,  Ca02  changed  in  parallel  with 
changes  in  hemoglobin  concentration.  Cardiac  output  did  not  change  significantly  over 
time  in  any  group. 

Cerebral  Variables 

ICP  increased  slightly  in  Groups  T  and  H  during  and  after  resuscitation  (Figure 
3;  Table  3)  and  then  returned  to  baseline  levels  by  120  minutes  post-resuscitation. 

Group  TH  exhibited  greater,  but  not  statistically  significantly  greater  increase:  in  ICP  at 
the  R0,  R60,  and  R120  points  in  comparison  to  Group  H. 
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Total  CBF  did  not  change  significantly  during  hemorrhage  in  Groups  H  and  TH 
and  during  the  analogous  time  interval  in  Group  T  (Figure  4;  Table  3).  Group  T 
exhibited  a  significant  (p<0.01)  decrease  in  CBF  over  time  after  injury.  In  Group  H, 
CBF  exceeded  pre-hemorrhage  levels  during  resuscitation,  then  returned  to  control 
levels  2  hours  post-resuscitation  (R120).  CBF  in  Group  TH  increased  only  to  pre¬ 
hemorrhage  levels  during  resuscitation,  then  decreased  markedly  (p<  0.005)  by  60  (R60) 
and  120  (R120)  minutes  after  resuscitation. 

Local  CBF  in  all  three  groups  followed  the  same  pattern  as  total  CBF  (Figure  5). 
The  lowest  CBF  levels  were  observed  in  the  hippocampus  of  Group  TH  at  R120,  at 
which  time  CBF  was  9.7  ±  6.4  mM00g°«min\  The  minimum  CBF  recorded  in  any 
other  brain  region  was  approximately  16  mMOOg'^min1.  The  caudate  nucleus  of  the 
trauma-hemorrhage  group  exhibited  the  greatest  percent  change  in  CBF  (88%), 
decreasing  from  159.6  ±  21.2  mMOOg^min'1  at  baseline  to  23.3±17.9mM00g'1»min'1  at 
R120. 

C02T  decreased  insignificantly  over  time  in  Groups  T  and  H  (Table  4).  C02T 
declined  significantly  in  Group  TH,  with  the  most  marked  decreases  occurring  60  and 
120  minutes  post-resuscitation,  where  C02T  was  2.3  ±  13  (p<0.01)  and  1.9  ±  1.2 
(p<0.01)  mlO2«100g'^min'\  respectively. 

Weighted  kappa  statistics  indicated  close  agreement  between  the  two  independent 
raters  (k  =  0.67).  Groups  T  and  H  exhibited  small,  gradual  declines  in  EEG  score  over 
time  (Figure  6).  The  EEG  score  in  Group  TH  remained  stable  until  the  end  of  shock 
and  then  declined  significantly  (p<0.01),  demonstrating  profound  suppression  at  R120. 
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DISCUSSION 


Feline  fluid-percussion  TBI,  modified  from  a  lapine  model13,14  by  Sullivan,  et  al.,15 
is  the  best  characterized  of  current  experimental  models  of  TBI  and  reproduces  many  of 
the  features  of  concussive  brain  injury  in  humans.  The  technique  produces  pressure 
transients  (~20  msec)  similar  to  those  recorded  in  human  cadaver  skulls  during  sudden 
impact.14  Subsequent  to  TEI,  cats  demonstrate  behavioral  suppression  resembling 
traumatic  unconsciousness  in  humans.16,17  Fluid-percussion  injury  (FPI)  results  in  a  loss 
of  pressure  autoregulation4  similar  to  that  reported  in  brain  injured  patients.16  FPI 
generates  diffuse  axonal  injury19  and  brain  stem  pathology15  reminiscent  of  that  observed 
in  human  pathologic  studies.20,21  Pathological  changes  in  multimodality  evoked  potentials 
reported  in  brain-injured  humans22  are  also  observed  in  cats  after  FPI.23  FPI  results  in 
immediate24  and  delayed  secondary25  increases  in  ICP  similar  to  those  reported  in 
humans.  Catecholamine  levels  increase  markedly  after  FPI  in  cats25  and  after  closed 
head  trauma  in  humans.26 

These  data  are  the  first  to  describe  the  cerebrovascular  responses  to  hemorrhagic 
shock  and  resuscitation  following  TBI.  Physiologic  changes  in  the  groups  subjected  to 
trauma  or  hemorrhage  alone  (Groups  T  and  H)  compare  favorably  to  those  in  previous 
studies.  In  animal  models,  mild  hemorrhage  comparable  to  that  produced  in  the  present 
model  usually  causes  no  change  in  CBF.27  Following  more  severe  hemorrhage, 
resuscitation  with  red-cell-free  fluid  fails  to  restore  CBF  to  pre-shock  values,  despite 
substantial  reductions  in  Hgb  and  CaO2.20,29  In  contrast,  isovolemic  hemodilution,  in 
which  blood  is  withdrawn  and  simultaneously  replaced  with  red-cell-free  fluid,  is 
associated  with  an  increase  in  CBF  that  offsets  approximately  one-half  of  the  decrease  in 
CaOj.30"32  The  acute  response  to  hemodilution  of  group  H  following  mild  hemorrhage  is 
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similar  to  the  response  to  isovolemic  hemodilution. 

The  change  in  CBF  following  trauma,  hemorrhage,  and  resuscitation  must  be 
examined  in  relationship  to  the  previously  described  effects  of  isovolemic  hemodilution 
and  of  hemodilution  following  more  profound  shock.  Following  hemorrhagic  shock  of 
30  minutes’  duration,  dogs  with  or  without  intracranial  mass  lesions  failed  to  show  an 
increase  in  CBF  despite  marked  hemodilution.28,29,33  Following  three  hours  of 
hemorrhagic  shock,  resuscitation  with  dextran  increased  CBF  to  baseline  values  but  did 
not  offset  the  effects  of  hemodilution.34 

The  reason  for  the  failure  of  hemodilution  following  profound  shock,  or  in  this 
model,  TBI  and  mild  shock,  to  offset  reductions  in  Ca02  is  unknown.  One  possibility  is 
that  sympathetic  nervous  system  stimulation  alters  the  ability  of  the  cerebrovasculature 
to  respond  appropriately  to  stimuli.  Fitch  and  colleagues  demonstrated  that  a-receptor 
blockade  (phenoxybenzamine)  did  not  change  baseline  CBF,  but  preserved  CBF  at 
baseline  levels  when  mean  arterial  pressure  had  been  reduced  to  values  that  produced 
marked  reductions  in  CBF  in  the  absence  of  a-blockade.35  The  authors  concluded  that 
sympathoadrenal  discharge  accompanying  hemorrhage  reduces  CBF.  Rosner  et  al. 
reported  that  TBI  in  cats  increased  serum  norepinephrine  levels  100-fold  and 
epinephrine  levels  500-fold.25  Sympathetic  stimulation  may  be  responsible  for  the 
rightward  shift  of  the  lower  limits  of  cerebral  autoregulation  following  trauma  in  cats.4 
Since  both  profound  hemodilution  and  hypotension  necessitate  cerebral  vasodilation  if 
C02T  is  to  be  maintained,  we  speculate  that  sympathoadrenal  responses  may  be 
responsible  for  the  failure  of  CBF  in  Group  TH  to  increase  to  the  degree  observed  in 
Group  H  in  response  to  hemodilution.  Fluid  percussion  TBI  produces  a  gradual  decline 
in  MAP  and  in  cerebral  perfusion  pressure  (CPP)  that  correlates  with  the  magnitude  of 
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the  injury.36"36  The  magnitude  of  change  in  CPP  in  Group  T  that  we  observed  in  the 
present  study  (Table  3)  is  consistent  with  a  moderate  level  of  TBI. 

Although  these  data  are  the  first  to  use  microsphere  methodology  to  measure 
CBF  in  cats,  CBF  values  correspond  well  with  data  in  other  species.  Boarini  and 
colleagues  studied  isoflurane,  1.5  and  2.0%,  in  dogs  and  measured  CBF  values  of  68  ±  3 
to  103  ±  18  mMOOg^min'V1  Newberg  and  others  reported  canine  CBF  values  of  91  ± 
10  mUlOOgtinin'1  under  1.4%  isoflurane  anesthesia.22  The  present  data  demonstrate 
similar  baseline  CBF  values  at  1.6%  isoflurane  (approximately  1  MAC)  (Table  3).  The 
flows  at  baseline  slightly  exceed  those  in  previous  studies  of  TBI  in  cats.37  However, 
previous  studies  employed  barbiturate  anesthesia. 

The  increase  in  ICP  following  the  sequence  of  fluid-percussion  injury, 
hemorrhage,  and  fluid  resuscitation  represents  an  unexpected  observation.  In  Group  T, 
ICP  increased  less  than  10  mm  Hg,  consistent  with  previous  reports  of  mild  to  moderate 
experimental  fluid-percussion  TBI.36,37  However,  following  the  combination  of  TBI,  mild 
hemorrhage,  and  fluid  resuscitation  (similar  to  that  required  in  the  immediate 
stabilization  of  hypovolemic,  head-injured  patients),  ICP  increased  nearly  600%  at  R0 
and  remained  twice  the  level  in  Groups  H  and  T  even  120  minutes  following 
resuscitation.  Lewelt  reported  that  hemorrhage  following  FPI  was  associated  with  an 
increase  in  ICP,4  the  opposite  of  the  response  to  hemorrhage  of  ICP  in  uninjured 
brain.28,29  Since  fluid  administration  tends  to  increase  ICP  further,  as  indeed  occurred  in 
group  H,  the  effect  may  have  been  exaggerated  by  trauma.  As  is  evident  from  the 
variability  in  the  TH  Group,  not  all  animals  responded  similarly.  Further  studies  are 
necessary  to  evaluate  the  response  of  ICP  to  more  severe  hemorrhage  and  resuscitation. 

In  Group  H,  CBF  did  not  differ  significantly  from  baseline  over  time.  In 
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contrast,  CBF  decreased  significantly  over  time  in  Groups  T  and  TH.  McIntosh,  et  al.,38 
reported  similar  decreases  in  CBF  after  fluid-percussion  TBI  in  cats.  The  decline  in 
CBF  in  Group  TH  was  greater  than  in  either  Group  H  or  T  but  the  difference  was 
statistically  significant  only  between  Groups  H  and  TH.  Therefore  these  data  support 
those  of  Lewelt  and  colleagues,  who  demonstrated  that  experimental  brain  trauma 
impairs  the  cerebral  vasodilatoiy  response  to  blood  pressure  reduction.4  In  addition, 
they  suggest  that  vasoregulaaon  is  so  severely  impaired  that  vasodilation  does  not 
accompany  even  the  combination  of  declining  blood  pressure  and  acute  anemia. 
Although  the  mechanism  of  impaired  vasoregulation  is  unknown,  experimental  evidence 
indicates  that  both  TBI3940  and  hemorrhagic  shock41  result  in  the  release  of  substantial 
quantities  of  vasoactive  eicosanoids  that  may  contribute  to  cerebral  hypoperfusion. 

Although  the  number  of  animals  in  each  group  is  insufficient  to  permit  statistical 
analysis  of  individual  brain  regions,  the  patterns  observed  in  this  study  do  suggest 
hypotheses  that  merit  further  study.  In  general,  changes  in  regional  CBF  followed  the 
same  patterns  as  did  whole-brain  CBF.  However,  hippocampal  CBF  in  Group  TH 
declined  to  the  lowest  levels  of  any  region  in  any  group.  Two  hours  after  resuscitation 
(R120),  hippocampal  CBF  in  Group  TH  was  9.7  ±  6.4  mMOOg'^min'1.  CBF  <  10 
mMOOg'^min'1  (at  normal  levels  of  Hgb)  is  associated  with  increased  extracellular 
potassium,  presumably  because  of  ischemia-induced  ion  pump  failure.42'43  Ischemia  of 
this  magnitude  produces  increases  in  brain  water  content44  and,  if  not  reversed  within  2- 
3  hours,  cerebral  infarction.45  Because  the  Hgb  was  also  reduced  in  the  TH  group, 
actual  oxygen  availability  was  even  lower  than  the  global  and  regional  CBF  values 
suggest.  The  profound  EEG  changes  observed  in  the  combination  lesion  animals  also 
suggests  that  brain  oxygen  availability  was  reduced  below  acceptable  levels. 
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The  effects  of  trauma  and  hemorrhage  on  EEG  activity  were  assessed  using  a 
visual  inspection  scale  modified  from  a  scale  developed  by  Prior,  et  al.8  and  subsequently 
utilized  by  Gregory,  et  al.46  to  evaluate  EEG  activity  in  cats  following  hemorrhagic 
hypotension.  The  scale  used  in  the  present  studies  was  reduced  from  a  6-point  to  a  5- 
point  scale  to  minimize  subjectivity.  As  the  weighted  kappa  statistics  (k  =  0.67) 
indicate,  interrater  reliability  between  the  two  blinded  investigators  was  good. 

Head  trauma  alone  produced  a  slight,  statistically  insignificant  decline  in  EEG 
activity.  While  higher  levels  of  TBI  produce  significant  decreases  in  total  power  of  fast- 
Fourier  transformed  EEGs,38  the  moderate  level  of  injury  used  in  the  present  study 
produced  no  significant  changes.  The  EEG  score  did  not  change  significantly  in  Group 
H.  The  MAP  threshold  at  which  changes  in  EEG  activity  occur  may  depend  on  the 
method  used  to  quantify  EEG  activity.  Gregory,  et  al.,46  using  a  similar  EEG  score  in 
cats  without  head  injury,  reported  that  the  EEG  score  did  not  change  significantly  until 
MAP  reached  about  25  mm  Hg.  In  contrast,  Hossmann,  et  al.47  reported  that  total 
power  of  the  fast-Fourier  transformed  EEG  was  reduced  significantly  when  CBF 
decreased  below  50%  of  baseline.  MAP  in  Group  H  never  fell  below  80  mm  Hg  so 
changes  in  EEG  score  due  to  this  level  of  hemorrhage  alone  would  be  unlikely  to  occur. 
Tne  BEG  score  in  Group  TH  deteriorated  progressively  and  significantly,  with  all  but 
one  animal  developing  an  isoelectric  tracing  by  120  minutes  following  resuscitation.  In 
Group  TH,  mean  EEG  score  was  significantly  reduced  by  R60,  when  CPP  was  51  ±  12 
mm  Hg  and  CBF  was  28  ±  16  ml*100g*1«min1.  Although  these  values  are  above  the 
MAP  and  CBF  thresholds  determined  by  Gregory,  et  al.46  for  significant  changes  in  EEG 
scores,  McIntosh,  et  al.38  reported  significant  changes  in  EEG  power  following  trauma  at 
CBF  values  similar  to  those  reported  in  the  present  study.  Therefore,  TBI  may 
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predispose  to  changes  in  EEG  activity  at  levels  of  MAP  and  CBF  that  would  not  be 
associated  with  EEG  changes  in  the  untraumatized  brain.  We  are  currently  investigating 
the  relative  contributions  of  arterial  hypotension  and  decreasing  C02T  to  changes  in 
EEG  activity. 

Previous  investigators  have  demonstrated  the  enhanced  vulnerability  of 
traumatized  brain  to  secondary  insults,  such  as  hypotension  or  hypoxia,  that  would  be 
insufficient  to  produce  injury  in  untraumatized  brain.  Ishige  and  colleagues  used  in  vivo 
phosphorus-31  magnetic  resonance  spectra  to  examine  the  effects  of  profound 
hypotension  (MAP  30-40  mm  Hg)  on  fluid-percussion  brain  injury.48  Fluid-percussion 
brain  injury  alone  or  hypotension  alone  resulted  in  a  small  increase  in  organic 
phosphate,  a  slight  decrease  in  phosphocreatine,  and  a  moderate  decline  in  brain  pH. 
However,  the  combination  of  head  injury  and  a  decline  in  MAP  to  30  mm  Hg  severely 
depleted  high-energy  phosphates,  in  association  with  a  marked  increase  in  inorganic 
phosphate  and  a  precipitous  decline  in  pH.  When  hypoxemia,  insufficient  to  produce 
injury  (about  40  mm  Hg),  and  fluid  percussion  injury,  also  insufficient  to  produce 
consistent  neurologic  dysfunction,  are  combined  in  rats,  severe  disability  or  death 
results.49  In  cats,  Anderson  and  colleagues  demonstrated  more  severe  brain  energy 
depletion  if  hypoventilatory  hypoxemia  was  superimposed  on  fluid  percussion  injury  than 
if  either  hypoventilatory  hypoxemia  or  fluid  percussion  injury  were  induced  individually.50 
Jenkins  et  al.  induced  global  cerebral  ischemia  following  mild  fluid-percussion  injury  in 
rats  and  demonstrated  that  the  combined  insult  resulted  in  cellular  death  in 
hippocampal  CA1  neurons  that  were  undamaged  by  separate  insults.51,52 

The  present  study  demonstrates  that  conventional  fluid  resuscitation  fails  to 
reverse  the  adverse  effects  of  .ombined  hemorrhage  and  head  injury.  Following  brain 
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injury  and  mild  hemorrhage,  fluid  resuscitation  only  transiently  restores  cerebral 
perfusion  pressure,  is  associated  with  prominent  if  variable  increases  in  ICP,  and  fails  to 
increase  CBF  sufficiently  to  offset  the  decline  in  Ca02.  Subsequent  declines  in  CBF  are 
associated  with  a  decline  in  cerebral  oxygen  transport  to  less  than  25%  of  baseline 
values.  If  the  traumatized  human  brain  is  similarly  affected  by  the  sequence  of  trauma, 
hemorrhage,  and  resuscitation,  these  data  may  explain,  in  part,  the  increased  mortality 
and  neurologic  morbidity  in  patients  who  have  suffered  the  combination  of  traumatic 
brain  injury  and  hypotension. 


REFERENCES 


1.  Luerssen  TG,  Klauber  MR,  Marshall  LF:  Outcome  from  head  injury  related  to 
patient’s  age.  A  longitudinal  prospective  study  of  adult  and  pediatric  head  injury. 
J  Neurosurg  68:409416,  1988 

2.  Miller  JD:  Head  injury  and  brain  ischaemia  -  implications  for  therapy.  Br  J 
Anaesth  57:120-130,  1985 

3.  Coker  LH,  Prough  DS,  Taylor  CL,  McWhorter  JM:  Systolic  blood  pressure  and 
neurologic  outcome  in  closed  head  injury.  Anesthesiology  71:A108,  1989 

4.  Lewelt  W,  Jenkins  LW,  Miller  JD:  Autoregulation  of  cerebral  blood  flow  after 
experimental  fluid  percussion  injury  of  the  brain.  J  Neurosurg  53:500-511,  1980 

5.  Lewelt  W,  Jenkins  LW,  Miller  JD:  Effects  of  experimental  fluid-percussion  injury 
of  the  brain  on  cerebrovascular  reactivity  to  hypoxia  and  to  hypercapnia.  J 
Neurosurg  56:332-338,  1982 

6.  Wei  EP,  Dietrich  WD,  Povlishock  JT,  Navari  RM,  Kontos  HA:  Functional, 
morphological  and  metabolic  abnormalities  of  the  cerebral  microcirculation  after 
concussive  brain  injury  in  cats.  Circ  Res  46:3747,  1980 

7.  Rudolph  AM,  Heymann  MA:  The  circulation  of  the  fetus  in  utero.  Methods  for 
studying  distribution  of  blood  flow,  cardiac  output  and  organ  blood  flow.  Circ  Res 


19 


21:163-184,  1967 


8.  Prior  PF,  Maynard  DE,  Brierley  JB:  E.E.G.  monitoring  for  the  control  of 
anaesthesia  produced  by  the  infusion  of  althesin  in  primates.  Br  J  Anaesth 
50:993-1001,  1978 

9.  Fleiss  S:  Statistical  Methods  for  Rates  and  Proportions.  J.  Wiley  &  Sons,  Inc., 
New  York,  pp.  212-236,  1981 

10.  Hoffbrand  BI,  Forsyth  RP:  Validity  studies  of  the  radioactive  microsphere  method 
for  the  study  of  the  distribution  of  cardiac  output,  organ  blood  flow,  and 
resistance  in  the  conscious  rhesus  monkey.  Cardiovasc  Res  3:426-432,  1969 

11.  Cole  JWL,  Grizzle  JE:  Applications  of  multivariate  analysis  of  variance  to 
repeated  measurements.  Biometrics  22:810-828,  1966 

12.  Conover  WJ,  Iman  RL:  Rank  transformation  as  a  bridge  between  parametric  and 
nonparametric  statistics.  Amer  Stat  35:124-129,  1981 

13.  Lindgren  S,  Rinder  L:  Experimental  studies  in  head  injury.  I.  Some  factors 
influencing  results  of  model  experiments.  Biophysik  2:320-329,  1965 

14.  Lindgren  S,  Rinder  L:  Experimental  studies  in  head  injury.  II.  Pressure 
propagation  in  "percussion  concussion".  Biophysik  3:174-180,  1966 


20 


15.  Sullivan  HG,  Martinez  J,  Becker  DP,  Miller  JD,  Griffith  R,  Wist  WO:  Fluid- 
percussion  model  of  mechanical  brain  injury  in  the  cat.  J  Neurosurg  45:521-534, 
1976 

16.  Hayes  RL,  Pechura  CM,  Katayama  Y,  Povlishock  JT,  Giebel  ML,  Becker  DP: 
Activation  of  pontine  cholinergic  sites  implicated  in  unconsciousness  following 
cerebral  concussion  in  the  cat.  Science  223:301-303,  1984 

17.  Teasdale  G,  Jennett  B:  Assessment  of  coma  and  impaired  consciousness.  A 
practical  scale.  Lancet  2:81-84,  1974 

18.  Fieschi  C,  Beduschi  A,  Agnoli  A,  Battistini  N,  Collice  M,  Prencipe  M,  Risso  M: 
Regional  cerebral  blood  flow  and  intraventricular  pressure  in  acute  brain  injuries. 
Eur  Neurol  8:192-199,  1972 

19.  Povlishock  JT,  Becker  DP,  Cheng  CL,  Vaughan  GW:  Axonal  change  in  minor 
head  injury.  J  Neuropathol  Exp  Neurol  42:225-242,  1983 

20.  Rosenblum  WI,  Greenberg  RP,  Seelig  JM,  Becker  DP:  Midbrain  lesions: 
frequent  and  significant  prognostic  feature  in  closed  head  injury.  Neurosurgery 
9:613-620,  1981 


21 


21.  Adams  H,  Mitchell  DE,  Graham  DI,  Doyle  D:  Diffuse  brain  damage  of 
immediate  impact  type.  Its  relationship  to  ‘primary  brain-stem  damage’  in  head 
injury.  Brain  100:489-502,  1977 

22.  Greenberg  RP,  Newlon  PG,  Hyatt  MS,  Narayan  RK,  Becker  DP:  Prognostic 
implications  of  early  multimodality  evoked  potentials  in  severely  head-injured 
patients.  A  prospective  study.  J  Neurosurg  55:227-236,  1981 

23.  Greenberg  RP,  Hyatt  MS,  Becker  DP:  Transient  electrical  dysfunction  in  head- 
injured  cats:  a  mechanism  for  loss  of  consciousness.  Surg  Forum  32:492-494, 
1981 

24.  Wei  EP,  Dietrich  WD,  Povlishock  JT,  Navari  RM,  Kontos  HA:  Functional, 
morphological,  and  metabolic  abnormalities  of  the  cerebral  microcirculation  after 
concussive  brain  injury  in  cats.  Circ  Res  46:3747,  1980 

25.  Rosner  MJ,  Newsome  HH,  Becker  DP:  Mechanical  brain  injury:  the 
sympathoadrenal  response.  J  Neurosurg  61:76-86,  1984 

26.  Clifton  GL,  Ziegler  MG,  Grossman  RG:  Circulating  catecholamines  and 
sympathetic  activity  after  head  injury.  Neurosurgery  8:10-14,  1981 

27.  Chen  RY,  Fan  FC,  Schuessler  GB,  Simchon  S,  Kim  S,  Cbien  S:  Regional 
cerebral  blood  flow  and  oxygen  consumption  of  the  canine  brain  during 


22 


hemorrhagic  hypotension.  Stroke  15:343-350,  1984 

28.  Prough  DS,  Johnson  JC,  Stump  DA,  Stullken  EH,  Poole  GV  Jr,  Howard  G: 
Effects  of  hypertonic  saline  versus  lactated  Ringer’s  solution  on  cerebral  oxygen 
transport  during  resuscitation  from  hemorrhagic  shock.  J  Neurosurg  64:627-632, 
1986 

29.  Poole  GV  Jr,  Prough  DS,  Johnson  JC,  Stullken  EH,  Stump  DA,  Howard  G: 
Effects  of  resuscitation  from  hemorrhagic  shock  on  cerebral  hemodynamics  in  the 
presence  of  an  intracranial  mass.  J  Trauma  27:18-23,  1987 

30.  Tommasino  C,  Moore  S,  Todd  MM:  Cerebral  effects  of  isovolemic  hemodilution 
with  crystalloid  or  colloid  solutions.  Crit  Care  Med  16:862-868,  1988 

31.  Todd  MM,  Tommasino  C,  Moore  S:  Cerebral  effects  of  isovolemic  hemodilution 
with  a  hypertonic  saline  solution.  J  Neurosurg  63:944-948,  1985 

32.  Michenfelder  JD,  Theye  RA:  The  effects  of  profound  hypocapnia  and  dilutional 
anemia  on  canine  cerebral  metabolism  and  blood  flow.  Anesthesiology  31:449- 
457,  1969 

33.  Poole  GV  Jr,  Johnson  JC,  Prough  DS,  Stump  DA,  Stullken  EH:  Cerebral 
hemodynamics  after  hemorrhagic  shock:  effects  of  the  type  of  resuscitation  fluid. 
Crit  Care  Med  14:629-633, 1986 


23 


34.  Emerson  TE,  Diguez  GC,  Harkema  JM,  Anderson  DL,  Raymond  RM,  Grega  GJ: 
Cerebral  hemodynamic  and  metabolic  abnormalities  in  hemorrhagic  shocked 
dogs:  comparison  of  treatment  with  whole  blood  alone,  dextran  alone,  or 
combined  with  solu-medrol.  In:  Cerebral  Microcirculation  and  Metabolism, 
Cervos-Navarro  J,  Fritschka  E  (eds.)  Raven  Press,  New  York,  1981,  pp.  379-385 

35.  Fitch  W,  MacKenzie  ET,  Harper  AM:  Effects  of  decreasing  arterial  blood 
pressure  on  cerebral  blood  flow  in  the  baboon.  Influence  of  the  sympathetic 
nervous  system.  Circ  Res  37:550-557,  1975 

36.  Hayes  RL,  Galinat  BJ,  Kulkame  P,  Becker  DP:  Effects  of  naloxone  on  systemic 
and  cerebral  responses  to  experimental  concussive  brain  injury  in  cats.  J 
Neurosurg  58:720-728,  1983 

37.  DeWitt  DS,  Jenkins  LW,  Wei  EP,  Lutz  H,  Becker  DP,  Kontos  HA:  Effects  of 
fluid-percussion  brain  injury  on  regional  cerebral  blood  flow  and  pial  arteriolar 
diameter.  J  Neurosurg  64:787-794,  1986 

38.  McIntosh  TK,  Hayes  RL,  DeWitt  DS,  Agura  V,  Faden  AI:  Endogenous  opioids 
may  mediate  secondary  damage  after  experimental  brain  injury.  Am  J  Physiol 
253:E565-E574,  1987 


24 


39.  Ellis  EF,  Wright  KF,  Wei  EP,  Kontos  HA:  Cyclooxygenase  products  of 
arachidonic  acid  metabolism  in  cat  cerebral  cortex  after  experimental  concussive 
brain  injury.  J  Neurochem  37:892-896,  1981 

40.  DeWitt  DS,  Kong  DL,  Lyeth  BG,  Jenkins  LW,  Hayes  RL,  Wooten  ED,  Prough 
DS:  Experimental  traumatic  brain  injury  elevates  brain  prostaglandin  E2  and 
thromboxane  B2  levels  in  rats.  J  Neurotrauma  5:303-313,  1988 

41.  Kong  DL,  Whitley  JM,  Prough  DS,  DeWitt  DS:  Shock  plus  intracranial 
hypertension  increases  cerebral  thromboxane  release.  Crit  Care  Med  16:S235, 
1988 

42.  Branston  NM,  Strong  AJ,  Symon  L:  Extracellular  potassium  activity,  evoked 
potential  and  tissue  blood  flow.  Relationships  during  progressive  ischaemia  in 
baboon  cerebral  cortex.  J  Neurol  Sci  32:305-321,  1977 

43.  Strong  AJ,  Venables  GS,  Gibson  G:  The  cortical  ischaemic  penumbra  associated 
with  occlusion  of  the  middle  cerebral  artery  in  the  cat:  1.  Topography  of  changes 
in  blood  flow,  potassium  ion  activity,  and  EEG.  J  Cereb  Blood  Flow  Metab  3:86- 
96,  1983 

44.  Strong  AJ,  Tomlinson  BE,  Venables  GS,  Gibson  G,  Hardy  JA:  The  cortical 
ischaemic  penumbra  associated  with  occlusion  of  the  middle  cerebral  artery  in  the 
cat:  2.  Studies  of  histopathology,  water  content,  and  jn  vitro  neurotransmitter 


25 


uptake.  J  Cereb  Blood  Flow  Metab  3:97-108,  1983 

45.  Jones  TH,  Morawetz  RB,  Crowell  RM,  Marcoux  FW,  Fitzgibbon  SJ,  DeGirolami 
U,  Ojemann  RG:  Thresholds  of  focal  cerebral  ischemia  in  awake  monkeys.  J 
Neurosurg  5^.773-782,  1981 

46.  Gregory  PC,  McGeorge  AP,  Fitch  W,  Graham  DI,  MacKenzie  ET,  Harper  AM: 
Effects  of  hemorrhagic  hypotension  on  the  cerebral  circulation.  II.  Electrocortical 
function.  Stroke  10:719-723,  1979 

47.  Hossmann  K-A,  Schuier  FJ:  Experimental  brain  infarcts  in  cats.  I. 
Pathophysiological  observations.  Stroke  11:583-592,  1980 

i 

48.  Ishige  N,  Pitts  LH,  Berry  I,  Nishimura  MC,  James  TL:  The  effects  of  hypovolemic 
hypotension  on  high-energy  phosphate  metabolism  of  traumatized  brain  in  rats.  J 
Neurosurg  68:129-136,  1988 

49.  Ishige  N,  Pitts  LH,  Hashimoto  T,  Nishimura  MC,  Bartkowski  HM:  Effect  of 
hypoxia  on  traumatic  brain  injury  in  rats:  Part  1  Changes  in  neurological  function, 
electroencephalograms,  and  histopathology.  Neurosurgery  20:848-853,  1987 

50.  Andersen  BJ,  Unterberg  AW,  Clarke  GD,  Marmarou  A:  Effect  of  posttraumatic 
hypoventilation  on  cerebral  energy  metabolism.  J  Neurosurg  68:601-607,  1988 


26 


51.  Jenkins  LW,  Moszynski  K,  Lyeth  BG,  Lewelt  W,  DeWitt  DS,  Allen,  A,  Dixon  CE, 
Povlishock  JT,  Majewski  TJ,  Clifton  GL,  Young  HF,  Becker  DP,  Hayes  RL: 
Increased  vulrterability  of  the  mildly  traumatized  rat  brain  to  cerebral  ischemia: 

t 

the  use  of  a  controlled  secondary  insult  as  a  research  tool  to  identify  common  or 
different  mechanisms  contributing  to  mechanical  and  ischemic  brain  injury.  Brain 
Res  477:211-224,  1989 

52.  Jenkins  LW,  Lyeth  BG,  Lewelt  W,  Moszynski  K,  DeWitt  DS,  Balster  RL,  Miller 
LP,  Clifton  GL,  Young  HF,  Hayes  RL:  Combined  pretrauma  scopolamine  and 
phencyclidine  attenuate  posttraumatic  increased  sensitivity  to  delayed  secondary 
ischemia.  J  Neurotrauma  5:275-287,  1988 


27 


FIGURE  LEGENDS 


Figure  1  Experimental  protocol  for  Groups  T  (Trauma  only),  H 

(Hemorrhage  and  resuscitation  only)  and  TH  (Trauma  and 
Hemorrhage).  The  preparation  (open  bar)  and  post-resuscitation 
(solid  bar)  periods  were  identical  for  all  groups. 

Figure  2  Mean  arterial  pressure  (MAP)  in  cats  after  hemorrhage  alone 
(n=8),  trauma  alone  (n=8)  or  trauma  followed  by  hemorrhage 
(n=8). 

BL  =  baseline  (pre-injury  or  hemorrhage);  EOS  =  end  of  shock 
(hemorrhage);  RO  =  immediately  following  resuscitation;  R60  =  60 
minutes  after  resuscitation;  R120  =  120  minutes  after  resuscitation. 

Figure  3  Intracranial  pressure  (ICP)  after  hemorrhage  alone,  trauma  alone, 
or  trauma  followed  by  hemorrhage. 

Figure  4  Total  cerebral  blood  flow  (CBF)  after  hemorrhage  alone,  trauma 
alone,  or  trauma  followed  by  hemorrhage. 

Figure  5  Local  cerebral  blood  flow  (CBF)  after  trauma  followed  by 

hemorrhage.  Caudate  =  caudate  nucleus;  Par-Occ  =  parietal- 
occipital  coronal  section. 

Figure  6  Electroencephalogram  (EEG)  scores  after  hemorrhage  alone, 
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trauma  alone,  or  trauma  followed  by  hemorrhage. 
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TABLE  1.  TEMPERATURE  AM)  ARTERIAL  BLOOD  GASES 


TABLE  2.  SYSTEMIC  HEMODYNAMIC  VARIABLES 
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